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ABSTRACT
High spectral resolution and high signal-to-noise ratio optical spectra of red giants in
the globular cluster Omega Centauri are analysed for stellar parameters and chem-
ical abundances of 15 elements including helium by either line equivalent widths or
synthetic spectrum analyses. The simultaneous abundance analysis of MgH and Mg
lines adopting theoretical photospheres and a combination of He/H−ratios proved to
be the only powerful probe to evaluate helium abundances of red giants cooler than
4400 K, wherein otherwise helium line transitions (He I 10830 and 5876 A˚) present
for a direct spectral line analysis. The impact of helium-enhanced model photospheres
on the resulting abundance ratios are smaller than 0.15 dex, in agreement with past
studies. The first indirect spectroscopic helium abundances measured in this paper
for the most metal-rich cluster members reveal the discovery of seven He-enhanced
giants (∆Y = +0.15±0.04), the largest such sample found spectroscopically to date.
The average metallicity of −0.79±0.06 dex and abundances for O, Na, Al, Si, Ca, Ti,
Ni, Ba, and La are consistent with values found for the red giant branch (RGB-a) and
subgiant branch (SGB-a) populations of Omega Centauri, suggesting an evolutionary
connection among samples. The He-enhancement in giants is associated with larger
s-process elemental abundances, which correlate with Al and anticorrelate with O.
These results support the formation of He-enhanced, metal-rich population of Omega
Centauri out of the interstellar medium enriched with the ejecta of fast rotating mas-
sive stars, binaries exploding as supernovae and asymptotic giant branch (AGB) stars.
Key words: globular clusters: general – globular clusters: individual: Omega Centauri
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1 INTRODUCTION
A large number of spectroscopic and photometric studies
of Omega Centauri (hereafter Omega Cen), the most mas-
sive known globular cluster (GC) of our Galaxy, have pro-
vided strong evidence of a colour spread on the colour-
magnitude diagram (CMD) indicative of multiple sequences
of stars along all evolutionary stages . Though the variation
in metallicity is regarded as the first parameter resulting
the width of an evolutionary sequence, variation in He con-
tent of stellar populations is introduced to account for the
wide range of observed structure on CMDs (i.e., multiple
main-sequences (MSs), subgiant branches (SGBs), red giant
branches (RGBs) and an extended horizontal branch (HB))
of many globular clusters including the Omega Cen. Age and
mass-loss of stars may also control the width of an evolu-
tionary sequence on the CMD (Catelan 2009 for a review).
The complex chemical content of omega Cen was first
⋆ E-mail: balasudhakara.reddy@iiap.res.in
revealed photometrically as an intrinsic width along the
RGB in CMD (Cannon & Stobie 1973), confirmed later
as indicative of spread in metallicity, as noticed from RR
Lyrae variables (Freeman & Rodgers 1975). Later studies
with wide field photometry and spectroscopy have shown
the co-existence of five RGBs of distinct metallicities ranging
from about −2.0 dex to −0.6 dex (Lee et al. 1999; Sollima et
al. 2005; Pancino et al. 2000; Johnson & Pilachowski 2010),
four to five SGB sequences of different ages and metallici-
ties (Sollima et al. 2005; Villanova et al. 2007; Bellini et al.
2010), and at least three MSs (Anderson 1997; Bedin et al.
2004; Piotto et al. 2005; Sollima et al. 2005; Villanova et al.
2007). These multiple pathways on the cluster CMD are the
result of different metallicities (Villanova et al. 2007; Marino
et al. 2011; Johnson & Pilachowski 2010; Simpson, Cottrell
& Worley 2012), helium abundances (Norris 2004; Piotto et
al. 2005; Dupree et al. 2011) and CNO abundances (Marino
et al. 2012; Simpson & Cottrell 2013).
Contrary to the standard stellar evolutionary model
predictions, spectroscopy of MS stars in Omega Cen reveals
c© 2020 The Authors
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that stars of intermediate metallicity ([Fe/H]= − 1.37 dex)
populate a bluer MS (bMS) with the most metal poor stars
([Fe/H]= − 1.68 dex) on a redder MS (rMS; Piotto et al.
2005). To date, the only explanation offered to address the
photometric and spectroscopic properties of MS stars is to
assume a substantially enhanced helium abundance for the
bMS stars (Y =0.35 − 0.45) over the primordial He con-
tent of the rMS stars (Y =0.25; Bedin et al. 2004; Norris
2004; Piotto et al. 2005). A third, less populated MS (MS-
a) found on the red side of rMS (Bedin et al. 2004) consists
of the most metal-rich stars of Omega Cen ([Fe/H]= − 0.6
dex) whose photometry based colours and metallicity are
consistent with being populated with He-rich stars (Sollima
et al. 2005; Bellini et al. 2010).
The most well studied peculiarities of Omega Cen are
related to stellar metallicity distribution (Norris & Da Costa
1995; Villanova et al. 2007; Johnson & Pilachowski 2010;
Simpson et al. 2012), variation in Na, Al and CNO elements
along with anti-correlation between abundances of light ele-
ments (i.e., Na and O, Mg and Al) and a significant star-to-
star scatter in s-process elements over the entire metallicity
range (Stanford et al. 2007; Johnson & Pilachowski 2010;
Marino et al. 2011).
The helium enhancement in second stellar generations
is the only explanation for many observed features on CMDs
(i.e., multiple MSs, RGBs and an extended HB) of all stud-
ied GCs (Marino et al. 2011 and references therein). Pub-
lished spectroscopic abundance analyses have not focussed
sharply on the possibility of measuring the helium content
of GC stars, as these measurements are very difficult. The
photospheric helium lines (He I 5876 A˚) used for reliable He
abundances are detectable in stars with effective tempera-
tures between 8000 K and 11,500 K. Stars hotter than 11,500
K experience He sedimentation, which results He abundance
in stellar photosphere not a representative of the original
surface He content (Grundahl et al. 1999; Pace et al. 2009;
Marino et al. 2014). In stars cooler than 8000 K, He lines
are of chromospheric (infrared He I 10830 A˚) rather than
photospheric. A reliable estimate of He content of cool stars
requires complex models that account for the chromospheric
activity (Dupree, Strader & Smith 2011).
The helium abundances from He I lines measured for
a few GCs in the literature vary from very small amounts
in NGC 6752 and NGC 6121 (∆Y < 0.05; Villanova, Piotto
& Gratton 2009, Villanova et al. 2012) to larger values in
Omega Cen and NGC 2808 (Y =0.35−0.40; Dupree et al.
2011; Pasquini et al. 2011; Marino et al. 2014). These analy-
ses suggest that stars with higher He abundance are accom-
panied by enhancements of Na and Al indicative of high tem-
perature H-burning including CNO, NeNa and MgAl cycles
in previous stellar generations that lead to He-production
(Gratton et al. 2001). The first acknowledgement of varia-
tion of He I 10830 A˚ line strengths (equivalent of abundance)
among Omega Cen giants is provided by Dupree et al. (2011)
for a sample of twelve giants covering a range of −1.87 dex
to −1.16 dex in [Fe/H], 3 mA˚ to 196 mA˚ in He I 10830 A˚
line equivalent widths (EWs; line strengths) and effective
temperatures between 4560 K and 4770 K. In spite of great
interest in the astrophysical significance of helium enhance-
ment in multiple stellar populations of Omega Cen, only two
red giants out of the twelve in Dupree et al. (2011) have He
abundances measured from the high-resolution (R=26,000
and 36,000) spectra (Dupree & Avrett 2013).
This paper presents the first spectroscopic measure-
ments of helium content for 13 cool red giants (10 giants out
of 13 are cluster members) presumably populating the most
metal-rich, anomalous red giant branch (named as RGB-a;
Lee et al. 1999; Pancino et al. 2000) on the CMD of Omega
Cen. To date, this is the largest of samples analysed for he-
lium abundances in Omega Cen for which discrepant spec-
troscopic metallicities ranging from [Fe/H]= − 1.1±0.2 dex
(Villanova et al. 2007) to [Fe/H]= − 0.60±0.15 dex (Pan-
cino et al. 2002) exist in the literature. None of the giants
on RGB-a have helium abundances measured directly from
the spectra, but values ranging from Y =0.35 to Y =0.40
are suggested based on the compatibility of photometric
colours and metallicities with helium enhanced theoretical
isochrones of appropriate metallicity (Sollima et al. 2005;
Piotto et al. 2005).
The helium abundance analysis technique adopted here
for cool giants containing no photospheric helium lines in
the optical spectra is based on the methodology advanced by
Maeckle et al. (1975) for Arcturus: synthesis of atomic and
hydride lines of an element in the observed spectra (i.e., C
vs. CH and Mg vs. MgH) produce consistent values of [X/H]
for an element X= either C or Mg, if the adopted helium-to-
hydrogen (He/H) ratio of the theoretical model atmosphere
is compatible with that in the stellar photosphere. Differ-
ences larger than measurement errors in [X/H] abundance
between atomic and hydride lines signify detectably different
helium content of stars than that adopted in the standard
stellar models. Such abundance differences are caused by
the reduction in the dominant source of continuum opacity
(i.e., H−) in the stellar atmosphere due to He enrichment
that enhances the atomic line strength (abundance) while
reduces the line abundance of molecules bonded with hy-
drogen (Maeckle et al. 1975; Piotto et al 2005). This paper
considers lines of only Mg and MgH to estimate the helium
content of a star to avoid difficulties in continuum place-
ment at the CH-band wavelengths (around 4300 A˚) due to
heavy line blanketing and low signal-to-noise (S/N) ratio of
the spectra.
This paper is organized as follows: Section 2 describes
the spectral information and radial velocities of targets; Sec-
tion 3 explains the stellar chemical composition analysis fol-
lowed by validation of spectrum synthesis linelists for Mg
and MgH lines; Section 4 summarizes the non-LTE Na, Mg,
Al and Fe abundances; Section 5 compares chemical abun-
dance results with literature studies, discusses the helium
content and its association with abundances of O, Na, and
Al in red giants; Section 6 discusses the chemical abundances
and evolutionary connection of giants in this paper with the
MS, SGB and RGB sequences on the CMD of Omega Cen.
Finally, Section 8 provides concluding remarks.
2 OBSERVATIONS AND RADIAL
VELOCITIES
The spectra of RGB-a giants of Omega Cen analysed here
were retrieved from the European Southern Observatory
MNRAS 000, 1–20 (2020)
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Table 1. The lis of Omega Cen red giants analysed in this paper.
Star V B-V V-Ks J-Ks RV (km s−1) RV (km s−1) Comment
(mag) (This paper) (Literature)
LEID 26067 13.675 1.295 3.128 0.828 +245.4±0.2 +244.4±0.9 M
LEID 32149 13.568 1.302 3.496 0.888 +235.4±0.2 +234.3±1.2 M
LEID 33164 13.260 1.200 3.380 0.855 +245.3±0.4 +245.7±0.1 M
LEID 34029 12.107 1.491 3.388 0.916 +207.1±0.7 +208.2±0.6 M
LEID 34180 13.030 1.481 3.700 1.010 +236.9±0.6 +234.3±1.3 M
LEID 37024 12.740 1.710 4.269 1.104 +227.0±0.7 +226.1±0.3a M
LEID 41476 12.170 1.760 4.210 1.060 +234.8±0.5 +233.2±0.7 M
LEID 42042 13.789 1.161 3.341 0.838 +222.7±0.4 +220.8±1.0 M
LEID 48319 14.259 0.891 . . . . . . +231.3±0.4 . . . M
LEID 54022 13.358 1.412 3.448 0.915 +237.4±0.3 +237.1±1.5 M
LEID 32007 13.880 1.219 . . . . . . +36.1±0.2 +34.4±1.5 NM
LEID 49026 13.475 1.212 3.243 0.829 +50.3±0.3 +50.8±1.6 NM
LEID 78035 12.780 1.480 3.077 0.856 −09.6±0.3 −09.9±0.9 NM
Note: M = Member; NM = non-member; aRV from Mayor et al. (1997)
(ESO, Chile) public archive facility1. Almost all the red
giants populating the RGB-a on the cluster CMD are ob-
served previously using the low (R=1600, λ∼ 3840−4940
A˚) to medium (R=18,000, λ∼ 6135−6365 and 6500−6800
A˚) resolution spectrographs and have chemical abundances
measured for some of the elements by Simpson & Cottrell
(2013) and Johnson & Pilachowski (2010). None of these
spectra cover wavelength regions containing the lines of MgH
(between 5130 − 5160 A˚) and atomic Mg (5711, 6318.8 and
6319.2 A˚) to analyse them simultaneously for Mg abun-
dances and then the He content. Moreover, the spectral line
blending at low-resolution is a prime concern to determine
reliable chemical composition of many elements. Therefore,
the ESO archive was searched for the spectra of giants ob-
served at the possible high spectral resolution and cover-
ing wavelengths of both MgH and Mg lines. This selection
results 13 giants of which 10 are turned out to be cluster
members with the remaining three giants positioned along
the line-of-sight to the Omega Cen.
The spectra of selected giants were observed in 2001
April and 2007 January with the multi-object instrument
FLAMES (Pasquini et al. 2000) equipped with UVES spec-
trograph at the 8-m VLT/UT2 telescope of the ESO. The
fiber links to UVES and the CD3 cross-disperser were used
to obtain high-resolution (R =42,310) spectra covering the
wavelength range 4780−6805 A˚ containing lines of many ele-
ments including the atomic Mg and molecular MgH. An au-
tomated FLAMES−UVES pipeline (Modigliani et al. 2004;
Modigliani & Larsen 2012) extracts the spectra to one-
dimensional format and wavelength calibrates using Th-Ar
lamp spectra as a reference. The radial velocity (RV) of each
star was determined from the high-resolution spectrum by
fitting central wavelengths of selected absorption lines (3
FeI, 3 CaI, 2 NaI, NiI and MnI) with a Gaussian profile. The
velocity measures from the individual lines have a dispersion
of less than 1 km s−1. The observed RVs were corrected for
solar motion using the rvcorrect routine in IRAF2. The se-
1 http://archive.eso.org/eso/eso_archive_main.html
2 IRAF is a general purpose software system for the reduction
and analysis of astronomical data distributed by NOAO, which
lected spectra were radial velocity shifted and normalized
to unity.
The radial velocities for some of the stars in Omega Cen
were measured previously in Mayor et al. (1997) and Reijns
et al. (2006). The mean radial velocity of Omega Cen as
shown in Reijns et al. (2006) has a distribution peaked at
about +233 km s−1 with a dispersion of about 30 km s−1.
The typical velocity dispersion of cluster members varies
from 15 km s−1 in the inner few arcmin to 6 km s−1 at a
cluster radius of about 25′. For the eleven targets, with the
exception of LEID 37024 and LEID 48319, in common with
Reijns et al., RV measurements in Table 1 are in excellent
agreement with a mean difference of +0.8±1.1 km s−1. Of
the remaining two stars, LEID 48319 has no previous value
of RV while the radial velocity of LEID 37024 agrees well
with the value of +226.1±0.2 km s−1 reported in Mayor
et al. (1997). All but the three stars, namely LEID 32007,
LEID 49026, and LEID 78035, listed in Table 1 have RVs
consistent with that of cluster mean velocity confirming pre-
vious membership determination based on proper motions
of stars by van Leeuwen et al. (2000).
The spectra of stars considered for abundance analy-
sis in this paper have typical signal-to-noise ratio (S/N) of
about 120 at wavelengths of the prominent MgH lines be-
tween 5130 − 5160 A˚ and S/N>150 at 5711 A˚ and 6319 A˚
regions containing the atomic Mg lines. Six giants with LEID
numbers 26067, 32149, 33164, 41476, 42042, and 54022 have
elemental abundances measured for C, N, O, Fe and Ba us-
ing the low resolution spectra (R=1600) covering the wave-
length range 3840−4940 A˚(Simpson & Cottrell 2013). Four
stars with LEID numbers 34029, 34180, 37024, and 41476
were explored previously using medium-resolution spectra
(R=18,000) for stellar parameters and chemical abundances
of the elements O, Na, Si, Ca, Ti, Ni, Fe and La by Johnson
& Pilachowski (2010). The spectra (R=20,000−25,000) of
five stars with LEID numbers 26067, 34029, 41476, 42042,
and 54022 were analysed for abundances of elements Fe, O,
is operated by the Association of Universities for Research in
Astronomy, Inc. under cooperative agreement with the National
Science Foundation.
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Table 2. Photometric and spectroscopic atmospheric parameters for open cluster members analysed in this study.
Star Tphoteff (K) log g
(B−V )
phot T
spec
eff log g
spec ξspect log(L/L⊙)
LEID (B-V) (V-K) (J-K) (cm s−2) (K) (cm s−2) (km s−1) spec phot
26067 4161 4302 4187 1.60 4250 1.40 1.43 2.41 2.17
32149 4149 4074 4049 1.55 4200 1.35 1.57 2.44 2.22
33164 4320 4140 4123 1.55 4250 1.30 1.80 2.51 2.28
34029 3877 4135 3989 0.72 4100 0.70 1.77 3.05 2.93
34180 3890 3969 3805 1.10 4000 1.00 1.67 2.70 2.56
37024 3616 3741 3644 0.56 3825 0.70 1.59 2.93 2.97
41476 3564 3761 3717 0.18 3800 0.30 1.74 3.32 3.32
42042 4390 4163 4163 1.81 4200 1.40 1.60 2.39 2.05
48319 4972 . . . . . . 2.33 4100 1.10 1.65 2.65 1.75
54022 3985 4100 3991 1.33 4100 1.20 1.62 2.55 2.37
32007 4287 . . . . . . 1.78 4350 1.95 1.30 1.90 2.05
49026 4299 4225 4184 1.63 4275 1.60 1.35 2.22 2.20
78035 3891 4338 4121 1.00 4225 1.30 1.65 2.50 2.65
Na, Ba and La by Marino et al. (2011). The stars with LEID
numbers 32007, 48319, 49026, and 78035 have no previous
record of chemical composition. This paper provides from
the uniform abundance analysis of high-resolution spectra
(R=42,310) the chemical abundances of elements O, Na,
Mg, Al, Si, Ca, Ti, Cr, Fe, Ni, Y, Zr, Ba, La, Ce, and Sm
including the first spectroscopic estimate of the He content
for all giants via the synthesis of MgH and Mg lines in the
observed spectra.
3 STELLAR PARAMETERS AND CHEMICAL
COMPOSITION
Following the standard spectroscopic abundance analysis
technique, the stellar parameters and chemical abundances
of stars are derived using either line equivalent widths or
synthetic spectrum analyses of a combination of selected
spectral lines of elements (linelist), a set of theoretical pho-
tospheres and a spectral analysis code.
3.1 Linelist
The linelist containing the atomic line data was taken from
Reddy, Giridhar & Lambert (2012, 2015) and the line EWs
were measured manually from the observed spectra using
the splot task in IRAF by either Gaussian profile fitting or
direct integration of the observed absorption lines. The spec-
tral linelist includes clean, unblended, relatively isolated and
symmetric spectral lines of 16 elements, as noted earlier, and
the MgH molecule. The molecular line data for MgH was ex-
tracted from Hinkle et al. (2013).
Stellar chemical abundances of most elements well rep-
resented by lines are measured from lines weaker than
EW=130 mA˚, but relatively strong lines (EW∼ 200 mA˚)
were included for species represented by a few lines (for ex-
ample, Ba II). The final list of 200 absorption lines contains
on average 80 Fe I lines covering a range of 0.0−5.0 eV in
line’s lower excitation potential (LEP) and 15−130 mA˚ in
EWs, and 10 Fe II lines spanning LEPs of about 2.9 to 3.9
eV and EWs from ≃ 15 to 70 mA˚. The magnesium abun-
dance is derived using three atomic lines and several clean
MgH lines, as explained in the Section 3.3.
3.2 Stellar parameters
As the spectral line strength is affected by physical condi-
tions and number density of absorbers in the photosphere,
it is essential to predetermine the atmospheric parame-
ters (e.g., effective temperature, Teff , and surface gravity,
log g) for estimating stellar chemical abundances. Initial es-
timates of Teff and log g were obtained using the optical
and 2MASS (Cutri et al. 2003) photometric colours (B-V),
(V-Ks) and (J-Ks) and equations discussed in Reddy et al.
(2012). The star’s photometric temperature (Tphoteff ) was de-
rived by substituting the dereddened3 photometric colours
into the infrared flux method based colour−temperature
calibrations of Alonso, Arribas & Mart´ınez-Roger (1999).
Adopted mean values of interstellar reddening and metallic-
ity are E(B-V)=0.12 (Johnson et al. 2008) and [Fe/H]= −1.4
dex (Calamida et al. 2017), respectively. Although Omega
Cen has indisputable spread in metallicity (Norris & Da
Costa 1995; Johnson & Pilachowski 2010; Villanova et al.
2014) and reddening (Calamida et al. 2005), consideration
of their affect on Tphoteff is irrelevant given that our final chem-
ical abundances will be based on the spectroscopically mea-
sured effective temperature and surface gravity.
The surface gravity, log gphot, was determined by in-
corporating the distance modulus of (m-M)V =13.7 (van de
Ven et al. 2006), photometric temperature, bolometric cor-
rection BCV , red giants mass of M =0.80 M⊙ (Johnson &
Pilachowski 2010) and Teff ,⊙= 5777 K and log g⊙= 4.44 cm
s−2 of the Sun into the standard log g−Teff relation (Reddy
et al. 2012). The values of BCV were obtained using equa-
tion 17 in Alonso et al. (1999). The values of reddening and
distance modulus adopted here are in fair agreement with
the cluster mean reddening and distance modulus of 0.132
and 13.72, respectively, derived by Bono et al. (2019 and ref-
erences therein) from the accurate and homogeneous optical
(BVI) and infrared (JHK) mean magnitudes of RR Lyrae
stars selected from the Gaia source catalog (Gaia Collabo-
ration et al. 2016, 2018b).
A differential abundance analysis relative to the Sun
3 The adopted interstellar extinctions are (AV , AK , E(V-K),
E(J-K))= (3.1, 0.28, 2.75, 0.54)*E(B-V)
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was performed using the abfind driver of MOOG4 adopting 1-
dimensional theoretical model atmospheres and the iron line
EWs following the local thermodynamic equilibrium (LTE)
abundance analysis technique (Reddy et al. 2015). Photo-
metric temperature and gravity was used to generate initial
model photosphere via interpolating linearly within the AT-
LAS9 model atmosphere grid of Castelli & Kurucz (2003).
Reference solar abundances derived using solar EWs mea-
sured off the solar integrated disk spectrum (Kurucz et al.
1984) and the Kurucz model photosphere with Teff ,⊙ = 5777
K, log g⊙ = 4.44 cm s
−2 and [Fe/H]=0.00 are taken from
Reddy et al. (2012).
Starting with initial theoretical model, the individual
iron line abundances were force-fitted to match the com-
puted EWs to observed ones by imposing three conditions:
excitation and ionization equilibrium and the independent
relation between iron line abundances and line’s reduced
EWs (Sneden 1973). The microturbulence velocity, ξt, as-
sumed to be isotropic and independent of depth in the stel-
lar atmosphere is derived by forcing no trend between the Fe
abundance from Fe II lines and the line’s reduced EWs. The
effective temperature is estimated by reducing the slope be-
tween the iron line abundances (log ǫ(Fe I)) and line’s lower
excitation potential (LEP) to almost zero (excitation equi-
librium). The surface gravity, log g, is adjusted in steps of
±0.05 dex until the Fe abundance from Fe I and Fe II lines
agree well within 0.02 dex (i.e., ionization equilibrium be-
tween the neutral and ionized species) for the derived Teff
and ξt. As the stellar parameters Teff , log g and ξt are in-
terdependent, several iterations are required to extract a
suitable model from the grid of model photospheres.
The uncertainties in stellar parameters are derived fol-
lowing Reddy et al. (2015). The uncertainty in Teff is es-
timated to be the temperature difference from the chosen
model value that would introduce spurious trends in log ǫ(Fe
I) versus line’s LEP corresponding to the iron abundance de-
viating by 1σ standard deviation of the derived average Fe
abundance. This condition is also satisfied for lines of ele-
ments Ti, Cr and Ni covering a good range in line’s LEP. The
uncertainty in ξt would be the difference in ξt that would
introduce spurious trends in log ǫ(Fe II) vs. reduced EWs
and cause a variation in [Fe/H] value larger than 1σ. This
condition is satisfied by other species such as Fe I, Ni I, and
Cr I covering a large range in line EWs (about 20 mA˚ to 120
mA˚). The error in surface gravity is assumed to be the differ-
ence in log g from chosen stellar model that results about 1σ
difference between Fe I and Fe II line abundances. A satisfac-
tory agreement of this aspect is provided by other elements
whose abundance estimates are based on both neutral and
ionized lines (e.g., Ti and Cr). The typical internal (star-to-
star) errors derived in this process are 50 K in Teff , 0.1 dex
each in log g and ξt. The stellar parameters estimated for
program stars are given in Table 2.
A comparison between photometric and spectroscopic
atmospheric parameters is offered in table 2. With the ex-
ception of LEID 48319, spectroscopic Teffs and log gs are in
good agreement with photometric ones: Excluding two stars
LEID 32007 and LEID 48319 having no 2MASS colours,
4
MOOG was developed and updated by Chris Sneden and orig-
inally described in Sneden (1973)
mean difference in photometric temperatures estimated us-
ing (B-V) and (V-K) is −73 ± 189 K and using (V-K) and
(J-K) is +88 ± 66 K. The corresponding mean differences
between (B-V), (V-K) and (J-K) based colour temperatures
and spectroscopic Tspeceff ’s are −98 ± 145 K, −25 ± 68 K
and −113 ± 45 K, respectively. No single colour-based tem-
perature agrees well with spectroscopic temperatures for all
stars. However, the temperature differences between photo-
metric and spectroscopic estimates are within uncertainties
found between different colour-based temperatures for the
same star. The mean differences in gravities and luminosi-
ties across the sample of 11 stars (neglecting LEID 32007
and LEID 48319) are +0.07±0.19 dex and −0.12±0.14 dex,
respectively.
The photometric temperature of one star (LEID 48319)
differ by almost 870 K with respect to spectroscopic value
derived using iron line EWs. LEID 48319 has no 2MASS
magnitudes to cross check this result. Moreover, this star
has no radial velocity estimates in the literature. Spectro-
scopic temperature derived in this paper is consistent with
its (B-V) colour being at 1.335 i.e., about 0.44 away from
its current value of 0.891 in Table 1. Typical uncertainties
in photometric measurements, as outlined below, are un-
able to account for such a large discrepancy in temperature.
Nonetheless, the inclusion of this star in abundance analysis
is not going to influence conclusions of this paper.
The photometric stellar parameters estimated using
the infrared flux method based colour−temperature rela-
tions are mainly sensitive to the adopted colours, reddening,
metallicity and distance modulus of the cluster. A typical
uncertainty of 0.02 mag. each in (B-V) and E(B-V), 0.05 dex
in metallicity renders total errors of 65 K and 52 K in tem-
peratures obtained from (B-V) and (V-K) relations, respec-
tively. The (J-K) vs. Teff relation is independent of metal-
licity, but errors of 0.02 mag. and 0.011 (i.e., 0.54*E(B-V)),
respectively in colour and reddening adds a total tempera-
ture uncertainty of 68 K (Reddy & Lambert 2019). Here the
total error in Teff is the quadratic sum of errors introduced
by varying the parameters used in the photometric relations.
Note, however, that these are the lower limits whose values
tend to increase if true errors in photometry are adopted.
Similarly, the above errors in Teff s and an uncertainty of 0.2
mag. in distance modulus yield an uncertainty of 0.08 dex
in photometric surface gravities. The inclusion of differen-
tial reddening instead of adopting a single value for all stars
in Table 2 may further boost uncertainties in photometric
stellar parameters.
The chemical abundances for other elements were de-
rived using either line EWs or spectrum synthesis analyses
adopting the spectroscopic stellar parameters derived previ-
ously using iron lines. The magnesium abundance was de-
rived using both the atomic Mg and MgH line transitions
with well calibrated linelists discussed below which give con-
sistent [Mg/H] abundances from Mg I and MgH lines for
stars having the He/H−ratio consistent with model pho-
tosphere value. The abundances for elements affected by
hyperfine structure (hfs) and isotopic shifts (e.g., Ba) are
also based on the synthetic spectrum analysis. The suite of
lines included in the synthetic spectrum analysis are O (6300
A˚), Mg, MgH, Al (5557, 6696, 6698 A˚), and Ba (5853 A˚).
Throughout this paper, the standard LTE synthetic profile
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Table 3. Elemental abundance ratios [El/Fe] and iron abundance ([Fe I/H] and [Fe II/H]) for stars in Omega Cen analysed in this paper.
Abundances calculated by synthesis are presented in bold typeface. Mg abundances will be presented in section 5.2.
Species 26067 32149 33164 34029 34180 37024 41476
[O I/Fe] +0.29 +0.74 +0.54 +0.65 +0.72 +0.38 +0.81
[Na I/Fe]LTE +0.49±0.01 +0.70±0.02 +0.83±0.01 +0.26±0.03 +0.75±0.03 +0.94±0.02 −0.08±0.03
[Na I/Fe]NLTE +0.42±0.01 +0.61±0.02 +0.74±0.01 +0.23±0.03 +0.64±0.03 +0.79±0.02 −0.12±0.03
[Al I/Fe]LTE +0.58±0.03 +0.60±0.02 +0.53±0.01 +0.32±0.01 +0.52±0.02 +0.83±0.04 +0.19±0.02
[Al I/Fe]NLTE +0.47±0.03 +0.49±0.02 +0.40±0.01 +0.19±0.01 +0.40±0.02 +0.69±0.04 +0.08±0.02
[Si I/Fe] +0.67±0.02 +0.60±0.03 +0.75±0.02 +0.49±0.01 +0.43±0.02 +0.81±0.00 +0.47±0.00
[Ca I/Fe] +0.43±0.02 +0.43±0.03 +0.36±0.02 +0.25±0.02 +0.38±0.03 +0.58±0.02 +0.39±0.01
[Ti I/Fe] +0.31±0.03 +0.40±0.03 +0.26±0.01 +0.29±0.05 +0.69±0.03 +0.73±0.01 +0.57±0.02
[Ti II/Fe] +0.38±0.01 +0.31±0.04 +0.29±0.01 +0.34±0.05 +0.62±0.03 +0.70±0.04 +0.61±0.02
[Cr I/Fe] −0.01±0.04 +0.03±0.03 +0.15±0.03 −0.01±0.03 +0.22±0.02 +0.21±0.02 −0.15±0.02
[Cr II/Fe] +0.24±0.02 +0.14±0.02 +0.14±0.01 +0.12±0.02 +0.19±0.02 . . . −0.13±0.02
[Fe I/H] −0.80±0.03 −0.74±0.04 −0.89±0.03 −1.31±0.03 −0.75±0.03 −0.93±0.03 −1.17±0.03
[Fe II/H] −0.79±0.02 −0.74±0.02 −0.91±0.02 −1.29±0.01 −0.75±0.03 −0.92±0.02 −1.17±0.03
[Ni I/Fe] −0.01±0.02 0.00±0.03 −0.01±0.03 +0.02±0.02 +0.07±0.02 +0.14±0.02 +0.08±0.03
[Y II/Fe] +0.77±0.02 +0.82±0.02 +0.54±0.02 +0.69±0.01 +0.76±0.03 +0.86±0.02 +0.99±0.02
[Zr I/Fe] +0.68±0.01 +0.98±0.02 +0.61±0.05 +0.45±0.02 +0.90±0.03 +1.72±0.02 +0.94±0.01
[Ba II/Fe] +0.84 +0.92 +0.80 +0.79 +0.95 +1.02 +0.77
[La II/Fe] +0.70±0.03 +0.85±0.02 +0.75±0.03 +0.66±0.03 +0.72±0.00 +0.95±0.03 +0.49±0.00
[Ce II/Fe] +0.70±0.03 +0.68±0.03 +0.73±0.02 +0.62±0.03 +0.77±0.02 +0.89±0.00 +0.58±0.01
[Sm II/Fe] +0.70±0.02 +0.84±0.02 +0.79±0.01 +0.67±0.02 +0.78±0.02 +0.92±0.02 +0.79±0.02
Species 42042 48319 54022 32007 49026 78035
[O I/Fe] +0.35 +0.77 +0.44 +0.27 +0.21 +0.54
[Na I/Fe]LTE +0.60±0.03 +0.82±0.03 +0.81±0.01 +0.19±0.04 +0.32±0.02 −0.04±0.03
[Na I/Fe]NLTE +0.52±0.03 +0.72±0.03 +0.71±0.01 +0.14±0.04 +0.25±0.02 −0.08±0.03
[Al I/Fe]LTE +0.68±0.04 +0.52±0.01 +0.70±0.02 +0.36±0.02 +0.41±0.02 +0.31±0.01
[Al I/Fe]NLTE +0.56±0.04 +0.40±0.01 +0.58±0.02 +0.26±0.02 +0.31±0.02 +0.20±0.01
[Si I/Fe] +0.57±0.02 +0.49±0.02 +0.58±0.02 +0.35±0.02 +0.40±0.02 +0.45±0.02
[Ca I/Fe] +0.47±0.01 +0.29±0.01 +0.45±0.03 +0.21±0.01 +0.30±0.01 +0.03±0.03
[Ti I/Fe] +0.22±0.01 +0.60±0.02 +0.48±0.01 +0.28±0.01 +0.25±0.02 +0.15±0.01
[Ti II/Fe] +0.28±0.02 +0.52±0.00 +0.46±0.02 +0.28±0.02 +0.25±0.02 +0.21±0.01
[Cr I/Fe] −0.01±0.02 +0.39±0.00 +0.28±0.02 +0.16±0.02 +0.19±0.02 −0.03±0.03
[Cr II/Fe] −0.01±0.03 . . . +0.30±0.01 +0.17±0.02 +0.16±0.02 −0.04±0.01
[Fe I/H] −0.84±0.03 −0.76±0.03 −0.78±0.03 −0.42±0.04 −0.46±0.03 −0.69±0.03
[Fe II/H] −0.83±0.02 −0.75±0.02 −0.77±0.02 −0.41±0.03 −0.45±0.03 −0.67±0.02
[Ni I/Fe] +0.16±0.02 −0.04±0.03 +0.07±0.03 +0.20±0.02 +0.23±0.02 +0.14±0.01
[Y II/Fe] +0.80±0.02 +0.62±0.01 +0.94±0.02 +0.33±0.03 +0.34±0.02 +0.47±0.02
[Zr II/Fe] +0.69±0.02 +1.01±0.02 +1.12±0.00 −0.07±0.02 −0.04±0.02 +0.08±0.01
[Ba II/Fe] +0.94 +1.05 +1.22 −0.09 −0.10 +0.13
[La II/Fe] +0.75±0.01 +0.84±0.03 +1.10±0.02 −0.19±0.00 −0.10±0.04 +0.06±0.02
[Nd II/Fe] +0.78±0.02 +0.85±0.02 +1.07±0.03 −0.11±0.00 0.00±0.02 −0.01±0.02
[Sm II/Fe] +0.72±0.02 +0.98±0.02 +1.07±0.02 +0.06±0.01 +0.07±0.01 +0.22±0.03
fitting technique was followed by running the synth driver
of MOOG.
The chemical abundances for individual red giants av-
eraged over all available lines of given species are presented
in Table 3 relative to solar abundances derived from the
adopted gf -values (see Table 4 from Reddy et al. 2012).
Entries in the table provide the average [Fe/H] and [X/Fe]
for all elements (X) and standard deviation (σ1). Following
Reddy et al. (2015), the sensitivity of derived abundance
ratios [El/Fe] to uncertainties in stellar parameters were de-
rived by varying one of the stellar parameters of a model,
keeping others fixed, by an amount equal to typical error
mentioned earlier. The abundance differences (〈[X/Fe]〉new-
〈[X/Fe]〉) caused by variation of stellar parameters from
the best model values are summed in quadrature to obtain
a global uncertainty σ2 (Table 4). The total internal error
σtot in [X/Fe] for each of the element is the quadratic sum
of σ1 and σ2.
3.3 Validation of linelists for MgH and Mg
As the goal of this paper is to provide the best measure
of He content of selected red giants in Omega Cen via the
synthesis of lines of atomic Mg and molecular MgH, it is
required to have a well calibrated linelists for spectrum syn-
thesis analysis. The traditional method of validating atomic
and molecular line data uses reproducing either the solar or
Arcturus spectrum at selected key wavelengths for values of
[X/H] for an element X that matches closely with published
chemical composition of the Sun (Asplund et al. 2009) or
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Table 4. Sensitivity of derived abundances to uncertainties in stellar parameters for a representative star LEID 42042 with Teff= 4200
K, log g= 1.4 cm s−2,and ξt= 1.6 km s−1. Each number refer to the difference between the abundances obtained with and without
varying each stellar parameter separately, while keeping the other parameters unchanged.
Species Teff±50 log g±0.1 ξt±0.1 [M/H]±0.1
(X) δX δX δX δX σ2
[O I/Fe] −0.04/− 0.02 +0.02/− 0.02 +0.03/− 0.05 +0.01/− 0.03 0.06
[Na I/Fe] −0.01/− 0.04 −0.02/+ 0.02 +0.00/− 0.01 −0.03/+ 0.02 0.04
[Al I/Fe] −0.01/− 0.03 −0.01/+ 0.02 +0.02/− 0.03 −0.03/+ 0.02 0.04
[Si I/Fe] −0.09/+ 0.05 +0.00/+ 0.00 +0.05/− 0.03 +0.00/+ 0.01 0.08
[Ca I/Fe] +0.00/− 0.05 −0.01/+ 0.02 −0.03/+ 0.00 −0.02/+ 0.03 0.04
[Ti I/Fe] +0.01/− 0.06 +0.00/+ 0.01 −0.01/− 0.01 −0.02/+ 0.01 0.04
[Ti II/Fe] −0.06/+ 0.02 +0.02/− 0.01 +0.01/− 0.02 +0.01/+ 0.03 0.05
[Cr I/Fe] −0.01/− 0.04 +0.00/+ 0.02 +0.01/− 0.03 −0.02/+ 0.01 0.04
[Cr II/Fe] −0.10/+ 0.06 +0.02/− 0.01 +0.05/− 0.04 +0.01/+ 0.00 0.09
[Fe I/H] +0.05/+ 0.00 +0.01/− 0.02 −0.04/+ 0.06 +0.03/− 0.01 0.06
[Fe II/H] −0.07/+ 0.08 +0.03/− 0.04 +0.00/+ 0.05 +0.06/− 0.01 0.09
[Ni I/Fe] −0.06/+ 0.00 +0.00/− 0.01 −0.01/− 0.01 +0.00/− 0.01 0.03
[Y II/Fe] −0.05/+ 0.01 +0.03/− 0.01 +0.00/+ 0.00 +0.01/− 0.01 0.04
[Zr I/Fe] +0.03/− 0.09 +0.01/+ 0.00 −0.03/− 0.01 −0.02/+ 0.00 0.06
[Ba II/Fe] −0.05/− 0.01 +0.01/− 0.01 −0.07/+ 0.03 +0.01/− 0.03 0.06
[La II/Fe] −0.04/− 0.01 +0.02/− 0.02 −0.01/− 0.02 +0.01/− 0.02 0.04
[Ce II/Fe] −0.05/+ 0.00 +0.02/− 0.02 +0.01/− 0.04 +0.01/− 0.03 0.05
[Nd II/Fe] −0.04/− 0.01 +0.03/− 0.02 +0.01/− 0.03 +0.01/− 0.02 0.04
Figure 1. Comparison of synthetic spectra (blue and red lines) with the observed spectra (black filled circles) of HD 17925 near the
MgH lines in panels (a), (c), (d) and the Mg I lines in panels (b) and (e). The best fit (blue line) to MgH and Mg lines and contaminating
features from other elements (red line) are shown in each panel.
Arcturus (Fulbright, McWilliam & Rich 2007). The calibra-
tion of linelist against the solar spectrum is avoided for the
reason that the theoretical EWs of the strongest MgH lines
found between 5130 − 5160 A˚ region (e.g., 5134.2, 5134.6,
5136.0, 5138.8, 5140.2, 5141.2, 5144.1 A˚) are smaller than
3−5 mA˚ and sensitive to continuum placement to derive a
meaningful Mg abundance from the synthesis of MgH lines.
Validation of linelist against the spectrum of Arcturus
(a more evolved giant) is discarded as well due to helium en-
richment of its stellar atmosphere via the dredge-up episodes
and helium flash during RGB phase that may results aver-
age [Mg/H] abundance from MgH lines smaller than that
derived from the atomic Mg lines, if the adopted theoret-
ical photosphere model of Arcturus has a solar helium-to-
hydrogen ratio. This, as noted in the introduction, is due to
decrease in the electron-to-gas pressure ratio when the He
content is increased. The net effect of this is the reduction
by same amount the dominant opacity source (i.e., H−) in
the stellar atmosphere, leading to line strength variations (
Maeckle et al. 1975; Piotto et al. 2005). Therefore, a wrong
value of helium abundance adopted in models falsify the Mg
abundance derived from MgH and Mg lines (Maeckle et al.
1975). This aspect will be investigated for Arcturus after val-
idating the spectrum synthesis linelists in key MgH and Mg
regions against calibration stars free of the issues mentioned
earlier.
In this regard, the cool main-sequence stars observed at
reasonably high spectral resolution and S/N-ratios provide
spectra favourable for validating the linelists useful for the
spectrum synthesis of targets in Omega Cen. Unlike the red
giants, stellar atmospheres of dwarf stars are unaffected by
mixing mechanisms which are expected to alter composition
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Figure 2. Comparison of observed and synthetic spectra (solid black and red lines) for prominent MgH lines in the spectrum of the
giant star Arcturus (black filled circles). The best fit synthetic spectrum (solid red line) to MgH lines and the contribution from lines of
other elements are shown (solid black line). The central wavelengths of some of the MgH lines are marked with vertical lines.
Figure 3. Same as the Figure 2 but for the synthesis of atomic
Mg lines at 5711, 6318.8 and 6319.2 A˚.
of He and other metals (C, N) including their isotopes in stel-
lar atmosphere during the RGB phase (Charbonnel, Brown
&Wallerstein 1998). The spectra of a solar metallicity dwarf
star – HD 17925 – observed at a resolution of 55,000 and
S/N> 200 with the Robert G. Tull coude´ cross-dispersed
echelle spectrograph (Tull et al. 1995) at the 2.7-m Harlan
J. Smith reflector of the McDonald observatory is taken from
Reddy & Lambert (2015) for the purpose of validating Mg
and MgH linelists. This star was analysed comprehensively
for many elements from Na to Eu with typical measurement
errors of less than 0.05 dex in [X/H].
Synthetic profiles were computed adopting the Mg iso-
topic ratios (Lodders 2003) and molecular line data from
Hinkle et al. (2013) for MgH while the atomic line data
for Mg lines was extracted from Ramirez & Allende Pri-
eto (2011) whose line selection comes from Asplund et al.
(2009). The values of [Mg/H] derived in this paper from
the synthesis of Mg lines at 5711, 6318.8, and 6319.2 A˚
agree well with values reported by Reddy & Lambert (2015).
As shown in the Figure 1, a good fit to the MgH fea-
tures (panels (a), (c), (d)) with values of [Mg/H] consis-
tent with those derived from the atomic Mg lines (panels
(b), (e)) validates the linelists adopted for the synthesis of
Mg and MgH lines. From the Figure 1, the prominent MgH
lines (5134.2, 5134.6, 5135.1, 5136.5, 5138.8, 5140.2, 5141.2,
5144.1, 5145.7, 5149.5, 5149.8, 5150.1, 5151.2, and 5152.6
A˚) of interest useful for Mg abundance estimates of stars
are almost free of line contamination from other elements.
A further validation of Mg and MgH linelists is provided
from the spectrum synthesis of Arcturus whose atmosphere
suffers from helium enrichment due to its current evolution-
ary phase as an evolved red giant (Maeckle et al. 1975). Syn-
thetic profiles of Mg and MgH lines computed with stellar
parameters Teff =4286± 30 K, log g =1.66 dex, ξt =1.74
km s−1 and [Fe/H]= − 0.52 dex (Ramirez & Allende Prieto
2011) for the isotopic ratios of 24Mg:25Mg:26Mg=80:10:10
(Hinkle et al. 2013) and solar He/H fraction of 0.085
(Castelli & Kurucz 2003) are compared with the NOAO Arc-
turus Spectral Atlas (Hinkle et al. 2000). Figure 2 and Fig-
ure 3 shows the observed and computed spectra for promi-
nent MgH and Mg lines in Arcturus. For the three atomic
Mg lines in common, the derived average value of [Mg/H]=-
0.11 dex is in fair agreement with a value of −0.13 dex in
Ramirez & Allende Prieto (2011). The best fit average value
of [Mg/H]= −0.25 dex derived from the MgH lines is less
than that obtained for the atomic Mg lines in Arcturus5.
The abundance difference for [Mg/H] between the Mg
and MgH line abundances is larger than the total measure-
5 Note, however, that Maeckle et al. (1975) noted a satisfactory
agreement of Mg abundance calculated from the Mg I and MgH
lines in Arcturus for values of Teff = 4260 K and log g = 0.90
dex. Had I adopt their values of stellar parameters with the recent
linelists discussed earlier, the fair agreement found by Maeckle et
al. would be disturbed to give [Mg/H] from MgH lines larger
by about 0.2 dex than the atomic Mg lines. Such a large positive
abundance difference between MgH and Mg I is caused mainly due
to the greater sensitivity of molecular lines to surface gravity with
the theoretical line strength decreases with gravity such that Mg
abundance should be raised to match the MgH lines in Arcturus.
Therefore, the lower value of [Mg/H] obtained for the lines of MgH
relative to Mg I in this paper is not an error of the abundance
analysis.
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ment error of about 0.07 dex (quadratic sum of errors on Mg
and MgH line abundances) expected due to uncertainties in
stellar parameters of Arcturus and the line-to-line scatter.
Increasing slightly the theoretical Arcturus model value of
He/H fraction to 0.16±0.02 renders satisfactory agreement
of magnesium abundance derived from the Mg I and MgH
molecular lines i.e., similar value of [Mg/H] results from the
atomic and molecular lines of Mg. This value of He/H−ratio
is 0.06 larger, with 3σ confidence level, than the solar He
and H mass fractions adopted in Maeckle et al. (1975).
If the currently accepted solar (primordial) He/H−ratio of
0.085 (Y =0.25, Castelli & Kurucz 2003; Izotov, Thuan &
Stasin´ska 2007) is adopted, the level of confidence of the
derived He/H−ratio in the atmosphere of Arcturus is more
than 3σ. The theoretical stellar evolution models predict
for a star of near solar-metallicity an enhancement of sur-
face He/H−ratio by 0.015 after the first dredge-up whose
value progressively increases along the RGB and during he-
lium flash (Sweigart & Gross 1978; Lattanzio 1986; Sweigart
1997). This result, as anticipated, for Arcturus further val-
idates the linelists adopted in the analysis of Mg and MgH
lines and gives confidence that red giants with He-enhanced
photospheres can be easily identified through the synthe-
sis of atomic and molecular features of Mg in the observed
spectra.
Note, however, that all the 1D model atmospheres
(e.g., ATLAS, MARCS) based on the mixing-length the-
ory (Bo¨hm-Vitense 1958) of convective energy transport fail
to represent the dynamic and multi-dimensional nature of
convection in stellar atmospheres. The full 3D model atmo-
spheres compared to 1D are expected to represent both the
velocity fields and thermal structure of the photosphere real-
istically and can have a dramatic impact on the formation of
atomic and molecular lines in dwarfs and giants (Collet, As-
plund & Trampedach 2007; Asplund & Garc´ıa Pe´rez 2001;
Gallagher et al. 2016a; Thygesen et al. 2017).
In the 3D case for dwarfs, the region of line formation
extends over a larger optical depth and peaks in shallower
layers than when using traditional 1D atmospheres, with
the contribution functions becoming shallower and broader
with decreasing metallicity. The difference in temperature
structure between 3D and 1D models are more substan-
tial in the outer atmospheric layers of only low metallicity
dwarfs ([Fe/H]>−2.0 dex, Collet et al. 2007; Gallagher et
al. 2016a; Thygesen et al. 2017). These outer layers form
molecules efficiently as they are generally cooler in 3D, re-
sulting in stronger features that become more pronounced as
the metallicity decreases. At metallicities higher than −1.0
dex, the line contribution functions in 3D models closely re-
semble the 1D case. The Mg (and C) abundances derived for
solar metallicity dwarfs using the lines of molecular MgH
(and CH) (Gallagher et al. 2016a; Thygesen et al. 2017)
and atomic Mg (and C) (Collet et al. 2007; Bergemann et
al. 2017) are very similar between the 3D and 1D model
atmosphere analyses. Typically large abundance differences
between 3D and 1D models are suggested for dwarf stars of
metallicity less than −1.0 dex. Therefore, the 1D LTE abun-
dances derived here for the solar-metallicity dwarf HD 17925
are unchanged when 3D model atmospheres are adopted.
In the case of giant stars with [Fe/H]> − 1.0 dex, the
differences in temperature structure and depth of forma-
tion of MgH lines are negligible between the 3D and 1D
model atmospheres. Thygesen et al. (2017) showed that as
the metallicity is increased in giant model atmospheres MgH
lines begin to form over the same regions in the 3D atmo-
sphere as they do in the equivalent 1D atmosphere, whereas
in the metal-poor atmosphere ([Fe/H]<−1.0 dex) the MgH
lines form further out in 3D. For the giants, the line equiva-
lent width contribution functions are also notably shallower
at high metallicity and the MgH lines in 3D models are
slightly weaker than their 1D counterpart. Thygesen et al.
suggested a positive correction (> +0.1 dex) for the LTE Mg
abundances derived from the MgH lines adopting 1D model
atmospheres for giants of metallicity [Fe/H]> − 1.0 dex. The
atomic Mg line formation in 3D is explored in Collet et al.
(2007), who suggested negligible differences in atomic Mg
line abundances between the 3D and 1D LTE atmospheres
for metallicities between 0.0 and − 1.0 dex. These results for
red giants suggest that using 3D model atmospheres in place
of 1D atmospheric models alleviate the difference in [Mg/H]
abundances between Mg and MgH lines observed for Arc-
turus. As large libraries of 3D model atmospheres for stellar
spectral analyses are not yet available, this paper explores
the line abundances of elements including the atomic Mg
and molecular MgH in red giants adopting 1D LTE Kurucz
model photospheres.
4 NON-LTE CORRECTIONS
In a recent study, Dupree et al. (2011) noted that He-
enhanced giants are associated with enhancements of LTE
[Na/Fe] and [Al/Fe] abundances. This section describes
whether non-LTE effects may alter LTE abundances of Fe,
Na and Al including the LTE Mg abundance in metal-poor
giants of this paper.
The iron abundance derived assuming LTE was cor-
rected for non-LTE effects using the grids of Lind et al.
(2011). The non-LTE corrections were computed for a rep-
resentative set of iron lines (FeI: the 6065.5, 6173.3, 6252.6,
6498.9, 6574.2, 6609.1, 6739.5, 6750.1; Fe ii: 5197.6, 5325.5,
5425.3, 6369.5 lines) for the stellar parameters of three giants
(LEID 26067, 37024 and 54022) representative of red giants
in this paper. For the Sun, the averaged non-LTE Fe i and
Fe ii abundance corrections are +0.02 dex and 0.00 dex, re-
spectively. The average iron abundance corrections derived
for the cluster giants are +0.04 dex and −0.01 dex, respec-
tively, using the Fe i and Fe ii lines. These small corrections
to LTE Fe abundances listed in Table 3 increases [Fe I/H]
by +0.02 dex, decreases [Fe II/H] by −0.01 dex and cause
a small downward revision of LTE abundances ([X/Fe]) of
other elements by +0.02 dex. These non-LTE iron abun-
dance corrections do not affect the [Fe/H] and [X/Fe] abun-
dances presented in Table 3, as the related correction is small
(though not zero).
Sodium abundances derived assuming LTE were cor-
rected for non-LTE effects on a line-by-line basis using the
stellar parameters (e.g., Teff , log g) and EWs of three Na
lines (5688.20, 6154.22 and 6160.74 A˚) of each star as input
to the interactive non-LTE database6. The non-LTE correc-
6 http://www.inspect-stars.com/
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tions were derived by interpolating to atmospheric parame-
ters of program stars from the grids of Lind et al. (2011).
The non-LTE sodium abundance averaged over three
Na lines for all stars including the Sun is lower than average
LTE Na abundance by values in the range −0.09 to −0.21
dex. The average non-LTE correction obtained for the Sun
using the above set of three Na lines is −0.09 dex. As a
result, the non-LTE Na abundances derived relative to the
Sun are not very much different from the differential LTE
Na abundances. The non-LTE corrections applied for giants
in this study reduce the differential LTE Na abundance on
an average by 0.0 to −0.12 dex.
The non-LTE corrections for Al were computed using
the extensive grids of abundance corrections discussed in
Nordlander & Lind (2017). The non-LTE Al abundances
were calculated using the stellar parameters and LTE Al
abundances obtained for the 6696.0 and 6698.7 A˚ lines as in-
put to the source code7 of Nordlander & Lind. The averaged
non-LTE Al abundance corrections derived for the Sun and
cluster giants are −0.01 dex and −0.09 dex to −0.13 dex,
respectively. These corrections for the cluster giants lower
average LTE Al abundances by values in the range −0.08 to
−0.12 dex. The non-LTE [X/Fe] ratios for Na and Al cor-
rected for non-LTE [Fe/H] correction of +0.02 dex are listed
in Table 3.
At the metallicity of cluster giants, all the Mg lines
(5711, 6318.8, and 6319.2 A˚) including relatively strong Mg
I 5711 A˚ line are quite insensitive to non-LTE effects (Osorio
et al. 2015). The smallest non-LTE correction (about −0.01
dex) found for the 5711 A˚ line for three representative giants
(LEID 26067, 37024 and 54022) suggests that the non-LTE
[Mg/H] abundance averaged over three lines of Mg is not
different from LTE value of [Mg/H]. Therefore, no non-LTE
corrections are applied for the LTE [Mg/H] values listed in
Table 5.
5 RESULTS
5.1 Comparisons with the literature
Some of the stars analysed in this paper have been subjected
to chemical composition analyses in the literature for a few
elements using the low to medium-resolution spectra. The
literature studies include, as noted in the Section 2, Simp-
son & Cottrell (2013), Johnson & Pilachowski (2010) and
Marino et al. (2011).
For stars and elements in common, the values of Simp-
son & Cottrell (2013) for Teff , log g, [Fe/H], [O/Fe], and
[Ba/Fe] differ from this study by a mean of −25±63 K,
+0.06±0.06 cm s−2, −0.18±0.19 dex, −0.88±0.25 dex,
and −0.25±0.12 dex, respectively. The mean difference
in Teff , log g, [Fe/H], [O/Fe], [Na/Fe], [Si/Fe], [Ca/Fe],
[Ti/Fe], [Ni/Fe], and [La/Fe] values between Johnson & Pi-
lachowski (2010) and this work are +22±34 K, −0.01±0.09
cm s−2, −0.03±0.13 dex, −0.4±0.1 dex, +0.27±0.17
dex, +0.19±0.26 dex, +0.09±0.24 dex, −0.04±0.25 dex,
+0.02±0.05 dex, −0.29±0.20 dex, respectively. Marino
et al. (2011)’s values for Teff , log g, [Fe/H], [O/Fe],
[Na/Fe], [Ba/Fe], and [La/Fe] differ in mean by +24±27
7 Available online at https://www.mso.anu.edu.au/~thomasn/NLTE/
K, +0.13±0.03 cm s−2, −0.04±0.11 dex, −0.25±0.11 dex,
+0.17±0.15, −0.33±0.13 dex, −0.15±0.10 dex, respectively.
For one of the stars LEID 41476, in common between
Johnson & Pilachowski (2010) and Marino et al. (2011),
the stellar parameters are in good agreement within mea-
surement errors with differences of ∆Teff = +42 K and
∆log g = −0.26 cm s−2, while larger discrepancies are no-
ticed for Fe, and Na with values of ∆[Fe/H]= −0.38 dex and
∆[Na/Fe]= +0.52 dex, respectively. For four stars in com-
mon with this study (LEID numbers 26067, 41476, 42042
and 54022), the mean difference of values between Simpson
& Cottrell (2013) and Marino et al. (2011) for Teff , log g,
[Fe/H], [O/Fe], and [Ba/Fe] are −14±23 K, −0.03±0.03 cm
s−1, −0.19±0.24 dex, −0.51±0.29 dex, and +0.08±0.04 dex,
respectively. Similarly, for the only star LEID 41476 in com-
mon between Johnson & Pilachowski (2010) and Simpson &
Cottrell (2013), the stellar parameters and abundances for
[Fe/H] and [O/Fe] differ by ∆Teff = −30 K, ∆log g = +0.20
cm s−2, −0.09 dex and −0.16 dex, respectively.
The systematic offsets in stellar parameters among
these studies are comparable to internal uncertainties in at-
mospheric parameters, while abundance estimates for some
of the elements differ greatly between the analyses since dif-
ferent techniques have been used by different authors to de-
rive stellar parameters and abundances (See, for example,
Marino et al. 2011). Results found for giant stars in this
paper are not considered exceptional given that within the
similar metallicity range −0.5 to −1.3 dex, covered by the
present sample, the difference in [X/Fe] abundances between
Johnson & Pilachowski (2010) and literature studies is of the
order of 0.0−0.6 dex (see Figure 5 and 6 of Johnson & Pi-
lachowski 2010). This result signifies that systematic offsets
in chemical abundances are typical of what is seen among
similar abundance analyses by different authors of the same
or similar stars. So, the abundance differences found here
between this work and literature studies is not surprising.
(Some of these differences are attributable to different values
of solar abundances adopted in the literature studies.)
5.2 Helium abundances
Helium abundance of each red giant is estimated by minimiz-
ing the difference in [Mg/H] derived independently from the
atomic Mg and MgH molecular lines in the observed spec-
tra to less than 0.01 dex. Any deviation in value of helium
abundance adopted in theoretical photospheric models from
that observed in stellar atmosphere results inconsistent Mg
abundances derived between atomic Mg and MgH lines. As
noted in the introduction, an increase (decrease) in the He
content of stellar atmosphere affects the continuum opacity
due to hydrogen (H− ion) leading to weakening (strength-
ening) of MgH lines in the observed spectrum, while this
effect is reversed for the atomic Mg lines i.e., weakening
(strengthening) of MgH lines in He-enhanced atmosphere
is associated with strengthening (weakening) of atomic Mg
lines. Therefore, an incompatible (solar) helium abundance
of the theoretical model results the average Mg abundance,
as listed in Table 5, from the atomic Mg lines greater than
the value measured from the synthesis of MgH lines in the
observed spectra.
Synthetic profiles computed for the Mg isotopic ratios
of 24Mg:25Mg:26Mg=70:15:15 (Da Costa, Norris & Yong
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Table 5. The average of [Mg/H] ratios from Mg (fifth column) and MgH (sixth column) lines for red giants analysed in this paper. The
difference in average [Mg/H] between atomic Mg and MgH lines (seventh column) for He-normal (log ǫ(He)= 10.930 dex, Y = 0.254)
and He-enhanced models is listed along with true values of [Mg/Fe] derived adopting the He content. The significant positive difference
in [Mg/H] ratios for all but three giants (LEID 33164, 34029, and 41476) strongly indicate He-enhanced nature of stellar atmospheres.
Star | [Mg/H] from Mg lines | MgH lines
| λ 5711 λ 6318.8 λ 6319.2 [Mg/H]Avg. | [Mg/H]Avg. diff. [Mg/Fe] He Y
LEID 26067 −0.07 −0.05 −0.08 −0.07 −0.35 +0.28
−0.25 −0.23 −0.25 −0.24 −0.24 0.00 +0.56 11.275 0.430
LEID 32149 +0.08 +0.07 +0.09 +0.08 −0.14 +0.22
−0.04 −0.03 −0.03 −0.03 −0.03 0.00 +0.71 11.188 0.381
LEID 33164 −0.39 −0.37 . . . −0.38 −0.39 +0.01 +0.51 10.930 0.254
LEID 34029 −0.58 −0.55 −0.61 −0.58 −0.58 0.00 +0.72 10.930 0.254
LEID 34180 −0.06 −0.08 −0.07 −0.07 −0.27 +0.20
−0.26 −0.24 −0.24 −0.25 −0.24 −0.01 +0.51 11.149 0.360
LEID 37024 −0.08 −0.10 −0.09 −0.09 −0.33 +0.24
−0.32 −0.30 −0.29 −0.30 −0.30 0.00 +0.62 11.242 0.411
LEID 41476 −0.57 −0.58 −0.57 −0.57 −0.56 −0.01 +0.61 10.930 0.254
LEID 42042 +0.02 +0.01 +0.02 +0.02 −0.42 +0.44
−0.22 −0.18 −0.22 −0.21 −0.22 +0.01 +0.61 11.337 0.465
LEID 48319 −0.01 0.00 −0.02 −0.01 −0.20 +0.19
−0.16 −0.14 −0.15 −0.15 −0.15 0.00 +0.60 11.149 0.360
LEID 54022 −0.06 −0.08 −0.09 −0.08 −0.34 +0.26
−0.26 −0.18 −0.26 −0.23 −0.23 0.00 +0.54 11.242 0.411
LEID 32007 +0.07 +0.05 +0.06 +0.06 −0.13 +0.19
−0.05 −0.06 −0.04 −0.05 −0.05 0.00 +0.36 11.275 0.430
LEID 49026 +0.25 +0.25 +0.24 +0.25 −0.13 +0.38
+0.01 +0.01 +0.01 +0.01 +0.01 0.00 +0.46 11.307 0.448
LEID 78035 −0.11 −0.10 −0.09 −0.10 −0.30 +0.20
−0.27 −0.24 −0.24 −0.25 −0.25 0.00 +0.43 11.188 0.381
Figure 4. Comparison of synthetic spectra (solid black, blue and red lines) with the observed spectrum (black filled circles) of LEID
42042 for the MgH lines. The solid red line corresponds to the best fit Mg abundance of [Mg/H]= − 0.42 dex from the MgH lines. The
expected strength of the MgH lines that corresponds to the Mg abundance derived using the atomic Mg lines in the observed spectrum
(Figure 5 and Table 5) is represented by a solid blue line. The solid black line is the synthetic spectrum generated, excluding the MgH
lines in the linelist, for the spectral lines of other elements in the selected wavelength region. The central wavelengths of some of the
MgH lines are marked with vertical lines.
2013) by varying the He/H−ratios of the adopted standard
Kurucz model photosphere are matched simultaneously to
the atomic Mg and MgH lines in the observed spectra. The
adopted helium content of the star is the one that corre-
sponds to the best fit value of He/H of the synthetic profile
that minimizes the difference in average [Mg/H] values mea-
sured independently using the atomic Mg and MgH lines to
less than 0.01 dex. An example synthetic profile fit to the
MgH and Mg lines observed in the spectra of LEID 42042 is
shown in Figure 4 and Figure 5.
The inclusion of He-enhanced theoretical models com-
puted for desired He/H−ratios instead of adopting the stan-
dard theoretical model photosphere (solar He/H−ratio) for
the abundance analysis changes little the value of He/H de-
rived using the standard stellar model from the synthesis
of MgH and Mg lines in the observed spectra. This as-
pect is verified by calculating with ATLAS9 a new theo-
retical model photosphere with enhanced He content (i.e,
log ǫ(He)=11.337 dex) for the star LEID 42042, representa-
tive of red giants in this paper. Synthetic profiles recomputed
adopting this He-enhanced model are matched simultane-
ously to the atomic Mg and MgH lines in the observed spec-
tra. A best fit to the lines of atomic Mg and molecular MgH
for [Mg/H]= − 0.22 dex requires a change in the He abun-
dance of the model by ∆log ǫ(He)=0.06 dex (∆Y = +0.033).
These small corrections to the abundance and mass fraction
of He derived from the observed spectra of red giants as-
suming He-normal photosphere models (Table 2) increases
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Figure 5. Same as figure 4 but for the synthesis of atomic Mg
lines at 5711, 6318.8 and 6319.2 A˚ in the observed spectrum of
LEID 42042. The best fit synthetic spectrum to the atomic Mg
lines is shown as a solid red line. As shown in the figure, the syn-
thetic spectrum (solid blue line) computed for the Mg abundance
derived from the MgH lines is inappropriate to match the atomic
Mg line strengths and certainly underestimate the Mg abundance
from atomic Mg lines.
the values of log ǫ(He) and Y in the Table 5 by 0.06 dex and
0.033, respectively. The LTE abundances of other elements
are changed little (+0.03 dex or less). These small correction
terms resulted adopting the He-enhanced theoretical models
are in good agreement with previous analysis of stars in the
globular cluster NGC 6121 by Villanova et al. (2012).
The internal error associated with the measured helium
content was estimated by recomputing the synthetic profiles
by varying the atmospheric parameters by their expected
errors (as explained in the Section 3.2) and matched to the
observed spectra. The sensitivity of adopted helium abun-
dance of a star to atmospheric parameters is deduced from
the sensitivity of Mg and MgH lines to atmospheric parame-
ters and the results are listed in Table 6 for a representative
star LEID 42042. The total uncertainty in the helium con-
tent obtained by summing in quadrature various contribu-
tions is +0.038 dex, dominated by mainly the temperature
uncertainty. Error in microturbulence is negligible, while the
surface gravity and metallicity only marginally contribute to
the abundance uncertainty. The helium abundance of indi-
vidual red giants is transformed to He mass fraction (Y )
and the typical 1σ error in Y due to uncertainties in stellar
parameters is +0.066. Systematic errors in atmospheric pa-
rameters with literature studies increases 1σ error in Y to
0.083. The helium abundance and mass fraction of helium
for red giants in Omega Cen are presented in Table 5.
The reliability of the derived He content of the giants
is probed through Figures 6−9 via a direct comparison of
the relative strengths of atomic Mg and MgH lines in the
observed spectra between two pairs of red giants with each
pair represented by very similar set of stellar parameters
(Table 2): LEID 32149 vs. LEID 42042 (Figure 6 and Fig-
ure 7) and LEID 26067 vs. LEID 33164 (Figure 8 and Figure
9). It is obvious from the Figure 6 that the strength of MgH
lines (equivalent of Mg abundance from MgH lines) in LEID
32149 is about 1.2 times the strength of MgH lines in LEID
42042 (see the residual spectrum for comparison), whereas
the line strengths of atomic Mg (equivalent of Mg abundance
from Mg lines) differ little (Figure 7). The average EW of
relatively clean MgH lines (marked with vertical lines in the
Figure 6) in LEID 32149 is about 25 mA˚ greater than that
in LEID 42042. From the Figure 8 and Figure 9 shown for
LEID 26067 and LEID 33164, MgH lines are very similar in
strength, in spite of having significantly large differences in
EWs of atomic Mg lines (i.e., the EWs of Mg lines in LEID
26067 are almost 20 mA˚ larger than those in LEID 33164).
Inspection of the Figures 6−9 confirms, between stars repre-
sented by similar set of stellar parameters, the existence of
real differences in relative strengths (thus, the derived abun-
dances) of either MgH lines for very similar Mg line EWs
(seen for LEID 32149 and LEID 42042) or Mg lines for very
similar MgH line EWs (LEID 26067 and LEID 33164).
In normal stellar atmospheres, hydrogen atoms always
outnumber the available Mg atoms. In cool dwarfs and gi-
ants with conditions favourable for the formation of MgH
molecules, it is expected for stars of similar stellar parame-
ters that the MgH lines are very similar in strengths for sim-
ilar Mg I line profiles, and vice versa . Typically large incon-
sistency exceeding the measurement error in line strengths
between stars for the MgH lines but not for the atomic
Mg lines, and vice versa, signifies that the mass fraction
of the source of opacity (i.e, H−) affecting the formation of
MgH and Mg lines is slightly different in stellar atmospheres.
These observed inconsistencies seen directly from the com-
parison of line strengths, as in Figures 6−9, are reflected in
the [Mg/H] abundances (Table 5) derived from the atomic
Mg and MgH lines when the standard stellar atmosphere
with solar He/H−ratio is adopted. The relative variations in
line strengths for MgH but not obviously for Mg lines (LEID
32149 and LEID 42042 in Figure 6 and Figure 7), and vice
versa (LEID 26067 and LEID 33164 in Figure 8 and Fig-
ure 9) provide a direct confirmation of He-enhanced stellar
photosphere of LEID 42042 (relative to LEID 32149) and
LEID 26067 (relative to LEID 33164). This observational
evidence acknowledge the reliability of abundance analysis
technique and the He abundances derived for giants in this
paper (Table 5).
Excluding the cluster non-members, the helium content
for three of the member stars, namely LEID 33164, LEID
34029 and LEID 41476, is consistent with primordial value of
Y = 0.252 (Izotov et al. 2007). The highly enriched He con-
tent derived for the non-member giants may suggest either
more evolved nature of these giants with stellar atmosphere
replenished with helium via the dredge-up episodes and he-
lium flash during RGB phase or the formation of these giants
out of the ISM material enriched in He. The average helium
content of Y = +0.402±0.036 (or log ǫ(He)= 11.226±0.064
dex) for the remaining seven cluster members in Table 5
exceeds ∆Y = +0.15 the primordial value. Theoretical stel-
lar evolution models predict after the first dredge-up that
the Y content of a star of metallicity Z =0.003 (roughly
the metallicity of stars in this paper) increases by about
0.015 from its main sequence value (Sweigart & Gross 1978;
Sweigart 1997). Comparing with the first dredge-up value of
Y =0.252+0.015 = 0.267, the Y values for seven giants in
Table 5 are larger with a level of confidence between 1.5σ
(LEID 34180 and LEID 48319) to 2.8σ (LEID 42042) of
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Table 6. Sensitivity of atomic Mg and MgH line abundances to uncertainties in stellar parameters exemplarily for a star LEID 42042
representative of red giants in this paper. Each number refer to the difference between the abundances obtained with and without
varying each stellar parameter separately, while keeping the other parameters unchanged. Sensitivity of He abundance and mass fraction
of helium (Y ) corresponding to changes in [Mg/H] from MgH and Mg lines are listed.
Species Teff±50 log g±0.1 ξt±0.1 [M/H]±0.1
(X) δX δX δX δX σ2
[Mg/H]MgH +0.10/ − 0.10 −0.02/+ 0.03 0.00/0.00 +0.03/− 0.03 0.11
He −0.03/ + 0.03 +0.01/− 0.01 0.00/0.00 −0.01/+ 0.01 0.033
Y −0.054/ + 0.054 +0.017/− 0.017 0.00/0.00 −0.017/+ 0.017 0.059
[Mg/H]Mg +0.03/ − 0.03 0.01/ − 0.01 −0.02/ + 0.04 +0.01/0.00 0.05
He +0.01/ − 0.01 +0.005/− 0.005 −0.01/+ 0.015 +0.005/0.0 0.02
Y +0.017/ − 0.017 +0.008/− 0.008 −0.017/ + 0.025 +0.017/0.0 0.029
Figure 6. Top panel: Comparison of relative strengths of MgH lines in the observed spectra of two red giants LEID 32149 (red, MgH
strong) and LEID 42042 (black, MgH weak). Bottom panel: The residual flux shown as a red continuous line is resulted from the
spectral division of LEID 32149 by LEID 42042. The observed spectrum of LEID 42042 (black) is overplotted for comparison. The
central wavelengths of some of the MgH lines are marked with vertical lines. A novel result arriving from this plot and Figure 7 is that
the strength of MgH lines differ between stars having very similar set of atmospheric parameters (Table 2) and Mg line strengths, thus,
acknowledge the reliability of relatively different Mg and He abundances derived using the MgH lines for giants in this paper (Table 5).
Figure 7. Same as Figure 6 but for a comparison of relative
strengths of Mg lines in the observed spectra of LEID 32149 (red)
and LEID 42042 (black)
the internal error. If both internal and systematic errors
in Y are considered, this level of confidence is lower but
marginally higher than 1σ with a significance between 1.1σ
to 2.3σ. Therefore, the Y values for seven cluster red giants
presented here are significantly larger than the primordial
value and those expected for a He-normal star after the first
dredge-up. This result is robust within both internal and
systematic errors affecting the Y content of a star. To shift
the mean Y value to primordial value requires either the
Teff to be underestimated by about 200 K or the log g to
be overestimated by about 0.7 dex. This result provides a
direct confirmation of photometric predictions by Piotto et
al. (2005) and Sollima et al. (2005) that stellar population
highly enhanced in He are present on the anomalous RGB-a
of Omega Cen.
An indication of processed material in the atmospheres
of these metal-rich and He-enhanced red giants of Omega
Cen is provided from the inspection of elemental abundances
for Na, Al and O. Figure 10 shows He−O anticorrelation ac-
companied by Na−Al correlation with a clear enhancement
of [Na/Fe] and [Al/Fe] in giant stars displaying enhanced he-
lium content. Linear least-squares fits, following orthogonal
regression method8 in Isobe et al. (1990), to the data points
8 It is the line that minimizes the sum of the square of the per-
pendicular distances between the data points and the line.
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Figure 8. Top panel: Comparison of relative strengths of MgH lines in the observed spectra of LEID 26067 (red, Mg I strong) and
LEID 33164 (black, Mg I weak). Bottom panel: The residual flux is resulted by the spectral division of LEID 26067 by LEID 33164.
The observed spectrum of LEID 33164 (black) is overplotted for comparison. The central wavelengths of relatively clean MgH lines are
marked with vertical lines. The difference in EWs for MgH lines is less than 5 mA˚, in spite of having very large differences in atomic Mg
line strengths (Figure 9).
Figure 9. Same as Figure 8 but for a comparison of relative
strengths of atomic Mg lines in observed spectra of LEID 26067
(red, Mg I strong) and LEID 33164 (black, Mg I weak). The Mg
I line in LEID 26067 is 20 mA˚ stronger than that in LEID 33164.
in Figure 10 give slopes for log ǫ(He) vs. [O/Fe] and [Al/Fe]
vs. [Na/Fe] of −0.303±0.057 (R= −0.94) and +0.585±0.083
(R=0.91), where R is the Pearson product-moment correla-
tion coefficient. These results signal contamination by prod-
ucts of high temperature H-burning process (Langer, Hoff-
man & Sneden 1993, Prantzos, Charbonnel & Iliadis 2007)
including the CNO, NeNa and MgAl cycles in massive stars
of previous stellar generations (Gratton et al. 2001).
The main product of H-burning is He with N being the
by-product of CNO cycle at the expense of mainly C and a
moderate amount of O, while the proton capture on Ne and
Mg produces Na and Al, respectively. Examination of Fig-
ure 10 shows, as anticipated, red giants with enhanced He
content are also accompanied by enhancement of Na and Al
abundances. Although the nitrogen abundance is not mea-
sured in this study, results from Simpson & Cottrell (2013)
generally confirm enhancement of N for all stars in common
Figure 10. The He−O anticorrelation (upper panel) and Na−Al
correlation (Lower panel) observed for the present sample of
Omega Cen red giant members. The He-enhanced and He-normal
giants are represented by filled and open blue squares, respec-
tively. The dotted line in each panel has the slope obtained from
the least-squares fits to the data points.
with this study. The mixing mechanism along the RGB is
negligible, as the outer convective envelope in red giants will
never reach the H-burning envelope where the light elements
are synthesized during the evolution on the RGB (Gratton,
Sneden & Carretta 2004). The red giants of this paper show
no dependence of helium abundances on spectroscopic lumi-
nosities (Table 2, thus, confirming evolutionary mixing along
the RGB is negligible.
First acknowledgement of direct evidence for an en-
hancement of helium in Omega Cen is provided by Dupree
et al. (2011) who measured Na, Al and Fe abundances and
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the He I 10830 A˚ line equivalent widths for a sample of 12
giants covering [Fe/H] range of −1.87 dex to −1.16 dex and
a narrow range in effective temperature between 4560 K and
4770 K. They noted that five of the sample stars enhanced
in helium are accompanied with enhancement of [Na/Fe]
and [Al/Fe] with stars presenting no detected helium line
have low values of [Na/Fe] and [Al/Fe]. Stars analysed in
this paper are metal-rich with values of [Fe/H] in the range
−0.74 dex to −1.30 dex. A majority of them have an ef-
fective temperature of about 4100 K and a surface gravity
of about 1.3 dex with a cool limit at 3800 K and hot limit
at 4350 K with a correlating range in surface gravity. Stars
analysed in this paper show no trend of helium and other
elemental abundances with either [Fe/H] or stellar parame-
ters. Results of this paper confirm independently Dupree et
al. prediction that the majority of red giants in Omega Cen
with enhanced helium content are those exhibiting no corre-
lation of helium abundance with [Fe/H] but a clear correlat-
ing trend of [Na/Fe] with [Al/Fe] abundances. The sample
of stars analysed in this paper and Dupree et al. covers much
of the [Fe/H] range (−1.87 to −0.74 dex) sampled by various
stellar populations in Omega Cen. These samples provide a
direct confirmation that the helium enhanced stars present
at all metallicities along all evolutionary stages on the CMD
of Omega Cen.
The near-infrared He I 10830 A˚ line used in the study
of Dupree et al. (2011) disappears in stars with effective
temperature cooler than 4400 K (Strader, Dupree & Smith
2015), irrespective of evolutionary state, from where the
lines of MgH molecules start appearing. The spectroscopic
chemical composition analysis of MgH and Mg lines, as
shown in this paper, is a powerful probe of the presence
of helium in such cool giants, whereas the lines of helium,
He I 10830 A˚ and 5876 A˚, are useful informative diagnos-
tic of He content in warm (4400 K − 11,500 K) metal-poor
stars of Omega Cen (e.g., SGB, HB and a few MS stars,
Dupree et al. 2011; Villanova et al. 2012). As noted in the
introduction, the helium content measured for stars hotter
than 11,500 K is not representative of original surface He
content (Grundahl et al. 1999; Marino et al. 2014). There-
fore, a complete census of He-enhanced stellar population
on the RGB, SGB and MS sequences of Omega Cen can be
retrieved from the analysis of Mg, MgH and helium lines.
5.3 Correlation of light and heavy elements
This section describes the dependence of Al abundances on
He, O, iron-group and heavy elemental abundances to ex-
plore the possible sites of element production and eventual
return via mass-loss and explosions to the ISM out of which
the red giants of this study may have formed.
Variations from star-to-star in Al abundances are at the
precision provided by abundance analyses of red giants un-
correlated with abundances of iron-group elements (Fe, Ni,
and Cr) but anti-correlated with [O/Fe] and well correlated
with the abundances of He and s-process elements (Ba, La,
Ce, Sm). Figure 11 shows abundances of He, O and two
representative elements from iron-group (Cr and Ni) and s-
process groups (La and Ce) plotted against Al abundances.
Linear least-squares fit to the data points corresponds to a
slope of +0.819±0.176 (R=0.90) for log ǫ(He) vs. [Al/Fe],
and slopes for [X/Fe] vs. [Al/Fe] of −1.102±0.363 (R=
Figure 11. The abundances of He, O, Cr, Ni, La and Ce plot-
ted against the Al abundances for the He-enhanced (filled blue
squares) and He-normal (open blue squares) cluster giants anal-
ysed in this paper. The dotted line in each panel has the slope
obtained from the least-squares fit to the data points. No clear
correlation is seen for [X/Fe] vs. [Al/Fe] for X=Cr and Ni.
−0.82), +0.086±0.513 (R=0.18), +0.138±0.131 (R=0.57),
+0.904±0.209 (R=0.90), +0.726±0.232 (R=0.85) for
X=O, Cr, Ni, La and Ce, respectively. The correlating trend
of abundances between Al and s-process elements is an indi-
cation that the source of nucleosynthesis responsible for the
Al enrichment is likely the principle site for the production of
s-process elements. In the Galactic chemical evolution con-
text, the heavy elements in the range Y−Sm are primarily
synthesized via the weak s-process (Y, Zr) occuring during
He and C shell hydrostatic burning in massive stars (M & 4
M⊙; timescale∼30 Myr to 300 Myr) and the main s-process
(Ba−Sm) from thermally-pulsing AGB stars (M & 1− 3
M⊙; timescale∼ 1 Gyr). These massive AGB stars (M & 4
M⊙) may synthesis large quantities of Al via the high tem-
perature hydrogen burning during the MS phase (Busso,
Gallino & Wasserburg 1999; Burris et al. 2000; Ventura et
al. 2001; Karakas & Lattanzio 2003). The anticorrelation of
Al with O, as in Figure 11, is a direct confirmation of the
high-temperature hydrogen burning in massive stars.
The red giants analysed in this paper showing enrich-
ment in La−Sm are also enriched in Y and Zr abundances.
This result for the heavy elements – Y, Zr, La, Ba, La, Ce
and Sm – for the cluster members examined here supports
D’Orazi et al. (2011)’s suggestion about the s-process enrich-
ment in Omega Cen resulting from the ejecta of AGB stars
with mass > 3 M⊙. The chemical composition analysis of
heavy elements (Y, Zr, La, Ce, and Pb) in twelve red giants
of Omega Cen by D’Orazi et al. reveals that the s-process
element enrichment in Omega Cen extends over the whole
n-capture domain, covering both the first-peak (Y and Zr)
and second-peak (La and Ce) elements simultaneously, and
possibly up to the third-peak element lead (Pb). This pecu-
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liar abundance pattern of s-process elements is expected to
be realized via the main s-process operation in AGB stars
with mass > 3 M⊙, unlike the 1−3 M⊙ stars responsible
for the production of second-peak n-capture elements in the
Galaxy. While a quantitative estimate of the mass range
requires modelling of AGB stars, results of this paper (Fig-
ure 11) and those presented in D’Orazi et al. suggest that
the ejecta from the previous generation of metal-poor mas-
sive AGB stars (> 3 M⊙) may result large enhancements
of Al and s-process elements via different nucleosynthetic
processes.
The correlation of abundances between Al (may synthe-
size on the MS phase of massive AGB stars) and He suggest
appreciable contribution of helium and Al to the interstel-
lar medium (ISM) via stellar winds from AGB stars (3 − 8
M⊙) on a timescale of 30 Myr to 300 Myr (Renzini 2008).
AGB stars in the mass range 3 − 8 M⊙ are expected to ex-
perience the second dredge-up (2DU) shortly before reach-
ing the AGB (Becker & Iben 1979) and the 3DU and hot-
bottom burning (HBB) during AGB phase, leading to the
ejection of stellar envelope highly enriched in helium and N
and depleted in C and O abundances (Renzini & Voli 1981;
Renzini 2008). However, the total amount of fresh helium
produced in AGB stars ranging from the primordial value
of Y =0.25 for 3 M⊙ to Y =0.36 for 8 M⊙ with an aver-
age of Y =0.31 is insufficient to match the observed helium
content of Omega Cen and red giants in this paper. There-
fore, pollution from other sources of nucleosynthesis must
accumulate in the interstellar medium before the formation
of next generation of helium enhanced satrs, as observed
in this paper. Proposed polluters to account for the helium
enrichment in Omega Cen are AGB stars (D’Antona et al.
2002; D’Antona & Caloi 2004), fast rotating massive stars
(Decressin et al. 2007), and massive binaries exploding as
supernovae (De Mink et al. 2009). The processed material
from all these channels can potentially enrich the existing
ISM with products of high temperature H-burning includ-
ing He abundance of about Y =0.4 (Renzini 2008).
The correlation of Al (and He) with the α-elements (Mg,
Si, Ca, and Ti) is weak with a spread of ±0.2 dex about the
mean trend of [Al/Fe] with [X/Fe]. This is an indication that
a fraction of Al (and He) observed in these giants may have
synthesized in previous generations of massive stars M & 10
M⊙; timescale∼10 Myr) exploding as Type II supernovae
which are responsible for the production of α-elements. The
metal-rich nature of these giants over the first generation
of old, metal-poor rMS population of Omega Cen further
suggests a sizeable contribution of iron to the ISM from
the Type Ia SNe from white dwarfs exceeding the Chan-
drasekhar mass limit (1.4 M⊙; timescale∼100 Myr). As the
lifetimes of the progenitors (Type Ia, II SN and AGB stars)
responsible for the synthesis of elements are quite different
and pollute the molecular clouds to differing degrees at dif-
ferent times, i.e., about 30 Myr to 1 Gyr for the s-process
enrichment from AGB stars of 1 − 8M⊙, 10 Myr to 100 Myr
for the production of α- and iron-group elements in massive
stars (> 8 M⊙), it seems more likely that the ejecta from
all these nucleosynthetic sources may have accumulated in-
side the cluster potential well before the formation of next
generation of stars enriched in He, Na, Al and the s-process
elements to the levels observed in red giants of this paper.
These chemical enrichment timescales are consistent with
relative age difference of about 1− 2 Gyr found in Sollima
et al. (2005) between the He-enhanced metal-rich popula-
tion and the first generation of old metal-poor, He-normal
(primordial value of He) rMS population of Omega Cen.
6 EVOLUTIONARY CONNECTIONS
The chemical and evolutionary structure of various se-
quences found on the CMD of Omega Cen is quite com-
plex. Intracluster abundance variations seen among stellar
populations in Omega Cen offer the opportunity for chemi-
cally tagging (Freeman & Bland Hawthorn 2002; Lambert &
Reddy 2016) and establishing an evolutionary connection of
red giants of this paper with cluster population. Before ex-
ecuting this exercise, the chemical and population structure
of Omega Cen will be reviewed below.
There exists an extensive literature on photometric in-
vestigation of stars populating all evolutionary sequences
on the CMD but little of the available data concerns chemi-
cal composition analysis. Recent studies reporting photome-
try and low- to medium-resolution spectroscopic abundances
([Fe/H] and a few elements) of stars on the MS, SGB and
RGB of Omega Cen include Piotto et al. (2005), Sollima
et al. (2005), Villanova et al. (2007), Marino et al. (2011),
Pancino et al. (2011), Johnson & Pilachowski (2010), and
Simpson & Cottrell (2013) with several of these papers in-
cluding compilations drawn from the literature to investi-
gate the evolutionary connection of various populations in
Omega Cen.
Based on the low-resolution (R=6400) spectroscopic
metallicities of MS stars and isochrone fits to the CMD,
Piotto et al. (2005) found that the bifurcated main se-
quence represents stars of [Fe/H]= − 1.68 dex (spread of
0.2 dex) and Y =0.246 for the rMS and [Fe/H]= − 1.37
dex with a range in Y from 0.35 to 0.45 for the bMS. The
ridge line of the bMS is best fitted with an isochrone of
Y =0.38 and metallicity of −1.37 dex. Detailed wide field
photometry and chemical composition analysis of elements
C, N, Ca, Ti, Fe and Ba in subgiants observed at a reso-
lution of R =6400 by Villanova et al. (2007) reveals four
distinct SGB sequences on the CMD, named as SGB-A,
SGB-B, SGB-C and SGB-D in order of increasing metal-
licity and decreasing subgiant branch magnitude, with cor-
responding metallicity peaks in the range [Fe/H]= − 2.0
dex to −0.6 dex (see, Figure 5, Figure 15 and Table 4 in
Villanova et al. 2007). Using the measured chemical abun-
dances of RGB stars from analysis of medium-resolution
spectra (R= 18,000), Johnson & Pilachowski (2010) iden-
tified four distinct RGB populations denoted as, follow-
ing Sollima et al. (2005), RGB: MP ([Fe/H]6−1.6), MInt1
(−1.6<[Fe/H]<−1.3), MInt2+3 (−1.3<[Fe/H]<−0.9), and
an anomalous metal-rich sequence RGB-a ([Fe/H]>−0.9),
where MP and MInt stands for metal-poor and metal-
intermediate, respectively.
In order to establish an evolutionary sequence of stars
from the MS through SGB to RGB using chemical abun-
dances, a suggestion made by Villanova et al. (2007) is that
stars on the rMS feeds into the subgiant branches A, B,
and C, while stars from the bMS move through SGB pop-
ulations B and C to RGB. They identified that the SGB
sequence SGB-D merges into the main-sequence, termed as
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Figure 12. Comparison of [X/Fe] ratios for X=O, Na, Ba and
La between Marino et al. (2011) sample of RGB-a giants (black
filled circles for [Fe/H]<−0.95 dex and black open circles for
[Fe/H]>−0.95 dex) and red giants in this work. He-enhanced and
He-normal giants from this paper are represented by blue filled
and open squares, respectively.
MS-a (Bedin et al. 2004), which is blended with the rMS
population. From the inspection of various CMDs, Villanova
et al., as listed in their Table 4, identified the following evo-
lutionary sequences: rMS → SGB-A → RGB-MP, bMS →
SGB-B, C→ RGB-MInt1 and RGB-MInt2+3, and MS-a→
SGB-D → RGB-a.
The evolutionary connection between the most metal-
rich populations SGB-D (or SGB-a) and RGB-a is well es-
tablished from studies of Pancino et al. (2002) and Sollima
et al. (2005). Pancino et al. (2002) measured from the high-
resolution spectra (R=45,000) of three RGB-a stars a mean
metallicity of [Fe/H]= − 0.6±0.15 dex. Sollima et al. (2005)
found that stars populating the most metal-rich subgiant
branch (SGB-a; termed as SGB-D in Villanova et al. 2007)
of Omega Cen has a mean metallicity of −0.6 dex fully com-
patible with that determined for stars on RGB-a.
The sample of Omega Cen giants analysed in this pa-
per are metal-rich and span [Fe/H]=−0.7 to −1.3 dex with a
mean value of −0.89±0.18 dex across the sample of 10 stars.
They offer an excellent opportunity to explore the evolu-
tionary connection of metal-rich populations in Omega Cen.
Analogous to the idea of chemical tagging of open clusters
(Freeman & Bland Hawthorn 2002; Lambert & Reddy 2016),
identification of chemical similarities among the metal-rich
giants of this paper and Omega Cen populations help us to
unravel the evolutionary link of the majority of He-enhanced
red giants in this paper.
Excluding the most metal-poor giants in this study
(LEID 34029 and LEID 41476), the chemical abundances
of other red giants of this paper will be discussed in com-
parison with recent chemical abundance results published
for the metal-rich population of Omega Cen: RGB-a stars
in Marino et al. (2011) and SGB-a stars in Pancino et al.
(2011).
A graphical comparison of [X/Fe] values for X=O, Na,
Ba and La for the sample of Omega Cen giants analysed in
this paper and RGB-a branch stars ([Fe/H]>−0.95 dex) of
Marino et al. (2011) is provided in Figure 12. The typical
measurement errors in [X/Fe] for individual stars in Marino
et al. (2011) are of the order of 0.10 − 0.15 dex in Ba and
La, and are of 0.10 dex each for O and Na. These errors
are comparable to typical errors in [X/Fe] found for giants
in this paper. Inspection of the Figure 12 shows for ele-
ments in common between the studies that the red giants
in this paper generally share a common [X/Fe] with RGB-a
branch stars across the sampled [Fe/H] range. Minor off-
sets in [X/Fe] may be related to the choice of spectral lines
and methods used in the evaluation of stellar parameters
(for example, the blended BaII line at 6141 A˚ of Marino et
al. vs. 5853 A˚ barium line in this work, and photometric
Teff and log g of Marino et al. vs. spectroscopic parame-
ters of this work). The difference in mean values of [Fe/H],
[O/Fe], [Ba/Fe], and [La/Fe] between this work and Marino
et al. of −0.01±0.10 dex, +0.32±0.23 dex, −0.15±0.21 dex,
+0.35±0.28 dex, +0.06±0.28 dex, respectively, indicate al-
most complete agreement for [X/Fe] from all samples. The
abundance results of Johnson & Pilachowski (2010) for RGB
giants in Omega Cen are generally confirmed by Marino et
al. (2011). However, typically large offsets found in [X/Fe]
between these studies is mainly attributed to the spectral
quality, resolution, choice of spectral lines and analysis tech-
niques adopted between studies.
A comparison of [X/Fe] values for X= Al, Ca, Si, Ti,
Ni, and Ba between SGB-a stars from Pancino et al. (2011)
and red giants of this paper is provided in Figure 13. The
mean [X/Fe] of red giants in this study are in fair agreement
with respect to mean values and scatter across the sam-
pled [Fe/H]. Similarly, the [X/Fe] values for Ca (+0.48±0.03
dex), Ti (+0.44±0.06 dex) and Ba (+1.00±0.03 dex) for
SGB-a stars in Villanova et al. (2007) are in good agree-
ment with values found for red giants in this paper. Excep-
tion include [Fe/H] whose average value for SGB-a stars in
Villanova et al. (2007) is less than about 0.5 dex. Villanova
et al. (2007) results for chemical abundances of Ca, Ti, and
Ba are generally confirmed by Pancino et al. (2011) with the
sole exception of [Fe/H]. The average value of [Fe/H] from
Villanova et al. (see, Figure 16 in Villanova et al. 2007) is
lower by about 0.5 dex than that found for SGB-a stars in
Pancino et al. study. This lower metallicity derived for the
SGB-a stars in Villanova et al. is attributed to the selection
of lines from blue spectral region (4400−4425 A˚) where the
continuum placement due to heavy metal line-blanketing is
quite uncertain (Pancino et al. 2011). In an independent
low resolution (R =6500) study, Sollima et al. (2005) found
from the analysis of infrared calcium triplet (8498 A˚, 8542
A˚, and 8662 A˚) an average metallicity of −0.6 dex for stars
populating the SGB-a sequence. The chemical composition
analysis of SGB-a stars by Sollima et al. (2005) and Pan-
cino et al. (2011) ascertain that the SGB-a component has
a mean metallicity of about −0.7±0.1 dex, comparable in
magnitude to the average [Fe/H] of −0.79±0.06 dex derived
for the He-enhanced red giants in this paper. In addition, the
average [X/Fe] values for stars on SGB-a component agree
very well with past abundance determinations of the RGB-
a component (Pancino et al. 2002; Johnson & Pilachowski
2010; Marino et al. 2011).
The conclusion reached from the above discussion is
that the He-enhanced red giants analysed in this paper are
confirmed to be associated with the anomalous RGB-a pop-
ulation, which is identified as the bright-end continuation
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Figure 13. Comparison of [X/Fe] ratios for X=Al, Si, Ca, Ti, Ni, and Ba between Pancino et al. (2011) sample of subgiants on
the SGB-a (black open circles) and red giants in this work (blue filled and open squares, respectively, represents the He-enhanced and
He-normal giants).
of the SGB-a sequence in all recent studies of photometry
and spectroscopy (Sollima et al. 2005; Villanova et al. 2007;
Bellini et al. 2010; Marino et al. 2011; Pancino et al. 2011).
Although He abundance is not available for individ-
ual metal-rich stars populating the SGB-a and RGB-a se-
quences, it was suggested based on photometric colours of
stars by several authors that both SGB-a and RGB-a pop-
ulations hosting the metal-rich stars of Omega Cen are en-
riched in helium with typical values between Y =0.35 and
Y =0.45 (Norris 2004; Piotto et al. 2005; Sollima et al.
2005; Pancino et al. 2011). Such high values for the he-
lium content are generally expected for stars on the bMS
whose average metallicity exceeds 0.3 dex the metallicity of
rMS population (Piotto et al. 2005; Villanova et al. 2007).
However, the bMS population, on an average, a factor of
5 metal-poor than the SGB-a, RGB-a populations and red
giants analysed in this paper (Piotto et al. 2005; Villanova
et al. 2007). Because of relatively metal-poor nature of bMS
stars, the association of SGB-a and RGB-a population con-
taining the most metal-rich ([Fe/H]>−0.9 dex) and the He-
enhanced giants (this paper) with the bMS is discarded
(i.e, [Fe/H] of about −1.37 dex for bMS vs −0.7 dex for
SGB-a and RGB-a populations). The effect of helium con-
tent of the model atmospheres on the resulting abundance
ratios including [Fe/H] is smaller than 0.15 dex (see also
Pancino et al. 2011) to account for such a large metallic-
ity difference (about −0.7 dex) between the bMS and SGB-
a/RGB-a populations, confirming dissimilar evolution of the
He-enhanced populations (bMS and MS-a) in Omega Cen.
The He-enhancement between Y =0.36 and Y =0.46 and
average [Fe/H] of −0.79±0.06 dex for the seven red giants
in this paper (Table 5) is in fair agreement with the val-
ues of helium and metallicity inferred photometrically for
the SGB-a and RGB-a populations (Sollima et al. 2005).
Note that Villanova et al. (2007) didn’t adopt a helium en-
hanced isochrone for fitting the SGB-a population on CMD.
Note, however, based on the similarities in chemical abun-
dances between SGB-a and RGB-a population, Pancino et
al. (2011) suggest that SGB-a population is He-enhanced
similarly to the RGB-a population.
Although metallicities and helium abundances for stars
on the MS-a sequence are not available, because of the con-
tinuity of the He-enhanced, metal-rich isochrone from MS-a
through SGB-a to RGB-a population (Sollima et al. 2005;
Villanova et al. 2007), it is more likely that MS-a population
is metal-rich and He-enhanced similarly to the SGB-a and
RGB-a populations. Therefore, the metal-rich, He-enhanced
giants analysed in this paper are the progeny of the MS-a
population that evolved through SGB-a to RGB-a popula-
tion on the CMD of Omega Cen. The chemical enrichment
timescales, as discussed in Section 5.3, and young age of
MS-a, SGB-a and RGB-a populations by about 1− 2 Gyr
relative to bMS and rMS populations all support the evo-
lutionary scenario advanced by Sollima et al. (2005) for the
formation of metal-rich, He-enhanced population in Omega
Cen i.e., the anomalous metal-rich population (MS-a, SGB-
a, and RGB-a) of Omega Cen may have formed within 2
Gyr via either a rapid self-enrichment process, producing a
large amount of helium (Y =0.4) and s-process elements
([s/Fe]≃+1.0 dex) or accretion of helium and other element
enhanced stellar population evolved in a different environ-
ment by the Omega Cen. Based on the chemical similarity,
the red giants of this paper provide the first confirmation
that the RGB-a population is enhanced in helium includ-
ing the s-process elements to the levels expected in a rapid
self-enrichment process during the early stage of evolution
of Omega Cen. However, the possibility exists that such an
evolved population from a different environment may have
absorbed in the early stage of Omega Cen (about 11.5 Gyr,
Villanova et al. 2007) by the strong gravitational potential of
the main component of Omega Cen hosting the bMS, rMS,
SGB: A, B, C, and RGB: MP, MInt1, MInt2+3 population.
Detailed high-resolution spectroscopic abundance anal-
ysis for many elements including the helium content for sev-
eral stars populating the MS, SGB and RGB including the
MS-a and SGB-a sequences is essential for a thorough un-
derstanding of the origin of MS-a, SGB-a and RGB-a pop-
ulations residing in Omega Cen. Such an excercise is left
for a future paper. Nevertheless, the red giant stars of this
paper presenting He-enhancement along with larger values
for [Fe/H], Na, Al, and heavy elements provide a strong
evolutionary connection with the MS-a, SGB-a and RGB-
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a populations than with other SGB and RGB populations
including the bMS/rMS of Omega Cen.
7 CONCLUSIONS
This paper presents chemical composition analysis and the
first measure of helium content for cool red giants populat-
ing the anomalous RGB-a component on the CMD of GC
Omega Cen.
The simultaneous abundance analysis of MgH and Mg
lines based on the high-resolution and high S/N-ratio spec-
tra adopting theoretical photospheric models with different
mixtures of He/H−ratios, as shown in this paper, is the
only powerful probe to evaluate the helium content of red
giants cooler than 4400 K, where the helium line transi-
tions (He I 10830 A˚ and 5876 A˚) are absent for a direct
spectral line analysis (Dupree et al. 2011; Villanova et al.
2012). The derived He abundances reveal discovery of seven
He-enhanced giants (∆Y = +0.15±0.04) among the RGB-a
population, confirming the previously suggested photomet-
ric and isochrone based values of Y =0.35 − 0.45 for RGB-a
population (Sollima et al. 2005; Piotto et al. 2005). These
seven giants represent the largest sample of giants, across
the metallicity range ([Fe/H]= − 2.0 to −0.6 dex) of Omega
Cen, whose He content is measured from high-resolution
spectroscopy. The presence of second generation(s) helium-
enhanced stars on the RGB-a is strongly supported by the
helium abundances measured from the high-resolution spec-
tra of RGB-a giants.
The present sample of giants confirm Dupree et al.
(2011)’s claim that stars with He-enhanced atmospheres are
apparently enriched in Na and Al indicative of high temper-
ature H-burning including the CNO, NeNa and MgAl cycles
that lead to He-production in previous stellar generations
(Gratton et al. 2001). A straightforward He−O anticorrela-
tion along with increasing trend of Al abundances with He,
α- and s-process element abundances supports that the He
enrichment and other elements results from the mix of dif-
ferent proportions of ejecta from the fast rotating massive
stars (Decressin et al. 2007), massive binaries exploding as
supernovae (De Mink et al. 2009) and AGB stars of wide
mass range into the ISM, out of which the He-enhanced red
giants of this paper (RGB-a population) may have formed.
The spread in metallicity and [X/Fe] values consistent with
that of RGB-a and SGB-a populations signify a strong evolu-
tionary link of red giants of this paper with RGB-a through
SGB-a from a main-sequence stellar population (MS-a) en-
hanced in helium from previous stellar generations.
The confirmation of He-enhancement for the majority
of stars on RGB-a (this paper), the evolutionary connection
of RGB-a through SGB-a with MS-a than with bMS and
the lack of large age difference among various evolutionary
sequences of Omega Cen (Sollima et al. 2005) all suggest
that the anomalous metal-rich population (MS-a, SGB-a,
and RGB-a) of Omega Cen may have formed through either
a rapid self-enrichment mechanism within 2 Gyr or accretion
of a population evolved in a different environment (Sollima
et al. 2005). Nevertheless, Omega Cen experienced a com-
plex evolution with a puzzling chemical enrichment history
which can be unravelled following chemical tagging where
the tagging of stars will be established based on similar-
ity in chemical composition including the He content. The
realization of such an exercise requires homogeneous chemi-
cal composition analysis of many elements including the He
content for several stars populating various MS, SGB and
RGB sequences on the CMD of Omega Cen.
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